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Preamble
D is s e m in a tio n  of know ledge i s  one of th e  o b je c ts  of th e  U n iv e rs ity . T h e re fo re  
M e m b e rs  of th e  U n iv e rs ity  and  o th e r s  who s u b m it t h e s e s / d i s s e r t a t i o n s  fo r  
h ig h e r  d e g re e s  a r e  e x p e c te d  to  re l in q u is h  to  th e  U n iv e rs ity  c e r t a in  r ig h ts  of 
re p ro d u c tio n  and  d is tr ib u tio n .
M o re o v e r  i t  i s  re c o g n is e d  th a t  a p p lic a n ts  owe a  du ty  to  th e i r  D e p a r tm e n ts  of 
s tu d y , th e  A c ad e m ic  S taff and  sp o n so r in g  b o d ie s  fo r  th e i r  r e s p e c t iv e  c o n tr ib u ­
tio n s  to  th e  r e s e a r c h .  W ith in  th e  l im i ts  of th e s e  r e q u i r e m e n ts ,  th e  a u th o r 's  
c o p y r ig h t is  s a fe g u a rd e d .
Regulations
1. W hen  s u b m ittin g  a  t h e s i s / d i s s e r t a t i o n  fo r  th e  p u rp o s e s  of a  h ig h e r  
d e g re e  th e  a p p lic a n t s h a l l  s ig n  a n  i r r e v o c a b le  a u th o r i ty  in  p r e s c r ib e d  
fo rm  ap p o in tin g  th e  L ib r a r ia n  h is  a t to rn e y  w ith  th e  r ig h t  to  re p ro d u c e  
th e  t h e s i s / d i s s e r t a t i o n  by  pho tocopy  o r  in  m ic ro f i lm  and  to  d is t r ib u te  
c o p ie s  to  th o se  in s t i tu t io n s  o r  p e r s o n s  w ho in  th e  L i b r a r i a n ’s  o p in io n  
r e q u i r e  th e m  f o r  a c a d e m ic  (as d is t in c t  f ro m  c o m m e rc ia l)  p u rp o s e s .
2 . The L ib r a r ia n  in  c o n su lta tio n  w ith  th e  a p p ro p r ia te  D e p a r tm e n t of s tu d y  
o r  sp o n so r in g  body s h a l l  h av e  th e  r ig h t  to  r e f u s e  to  p ro v id e  c o p ie s , o r  
to  im p o se  s u c h  co n d itio n s  a s  he  th in k s  f i t  on  th e  p ro v is io n  of c o p ie s , 
w ith  th e  o b je c t of s a fe g u a rd in g  th e  a p p l ic a n t’s  c o p y r ig h t and  the  i n te r e s t s  
of th e  U n iv e rs i ty  and  th e  sp o n so r in g  body.
3. T h e se  R eg u la tio n s  a r e  s u b je c t  to  r e q u ir e m e n ts  of any  body  u n d e r  w hose  
s p o n s o rs h ip  th e  r e s e a r c h  p r o je c t  g iv in g  r i s e  to  th e  t h e s i s / d i s s e r t a t i o n  
i s  c a r r i e d  on.
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SUMMARY
A c o n t i n u o u s  s t i r r e d  t a n k  r e a c t o r  o p e r a t i n g  under  
d i r e c t  d i g i t a l  c o n t r o l  has been c o n s t r u c t e d ,  commissioned and 
us e d f o r  t he  p r a c t i c a l  e v a l u a t i o n  o f  e s t i m a t i o n  and c o n t r o l  
t e c h n i q u e s  o f  i n t e r e s t  t o  c h e m i c a l  e n g i n e e r s .
S e v e r a l  i n c r e a s i n g l y  complex a l g o r i t h m s ,  bas e d on t he  
Kalman f i l t e r ,  were a p p l i e d  t o  e s t i m a t e  p r o c e s s  s t a t e s  and/ o r  
unmeasurabl e  p a r a m e t e r s  under a v a r i e t y  o f  s i m u l a t e d  and 
p r a c t i c a l  c o n d i t i o n s .  A number o f  m u l t i v a r i a b l e  s u b o p t i m a l  
c o n t r o l  a l g o r i t h m s  were a l s o  i n v e s t i g a t e d  and,  by c o m b i n a t i o n  
w i t h  t he  Kal man- t ype  e s t i m a t o r s ,  o n - l i n e  a d a p t i v e  c o n t r o l  was 
r e a l i s e d .
The s i m u l a t i o n  s t u d i e s  showed t h a t  f o r  s i n g l e  i n p u t -  
s i n g l e  o u t p u t  s y s t e m s ,  a most u s e f u l  t e c h n i q u e  f o r  p r o c e s s  
i d e n t i f i c a t i o n  was t h e  summed s i n e  wave method;  however,  f o r  
m u l t i v a r i a b l e  s y s t e m s ,  i t  was n e c e s s a r y  to use  e s t i m a t o r s  b a s e d  
on s t a t e - s p a c e  mode l s .  I n c r e a s i n g  e s t i m a t o r  c o m p l e x i t y  
p r o g r e s s i v e l y  enhanced e s t i m a t e s  and,  i n  t h e  c a s e  o f  t h e  most  
s o p h i s t i c a t e d ,  e l i m i n a t e d  b i a s e s :  u n f o r t u n a t e l y ,  t he  
u n a v o i d a b l e  i n c r e a s e  i n  c o m p u t a t i o n a l  burden sometimes p r e ­
c l u d e d  o n - l i n e  u s e .  A r e d u c e d tor de r  f i l t e r ,  whi ch o p e r a t e d  on 
e x a c t  measurements,  g a v e  s a t i s f a c t o r y  (but  s l i g h t l y  b i a s e d )  
p a r a me t e r  e s t i m a t e s .
S i m u l a t i o n  s t u d i e s  c o n f i r me d  t h a t  a l l  t he s u b o p t i m a l  
c o n t r o l  schemes c o n s i d e r e d  were f e a s i b l e  and,  when c o u p l e d  w i t h  
an e s t i m a t o r ,  c a p a b l e  o f  c o n t r o l l i n g  t h e  p r o c e s s  a d a p t i v e l y  i n
s t o c h a s t i c  e n v i r o n m e n t .
P r a c t i c a l  r e s u l t s  v e r i f i e d  t he  s i m u l a t i o n  work;  f o r  
e x a mp l e ,  c l o s e  agreement  was o b t a i n e d  bet ween e x p e r i m e n t a l  
i e s t i m a t e s  o f  a h i g h l y  n o n l i n e a r  p ar ame t e r  and t h e  v a l u e  
q u o t e d  i n  t he  l i t e r a t u r e .
Re a l  p r o c e s s  s e n s o r s  were d e s i g n e d  t o  be e s s e n t i a l l y  
n o i s e - f r e e  and under t h e s e  c o n d i t i o n s  p r o p o r t i o n a l  p l u s  
i n t e g r a l  c o n t r o l  gave  good r e s u l t s ,  i l l u s t r a t i n g  t he  power o f  
f e e d b a c k .  M u l t i v a r i a b l e  c o n t r o l ,  o p e r a t i n g  under more a d v e r s e  
c o n d i t i o n s ,  gave l e s s  s a t i s f a c t o r y  r e s u l t s  b e c a u s e  o f  m o d e l l i n g  
e r r o r s ,  which produce d s t a t e  b i a s e s .  However,  t he  more 
s o p h i s t i c a t e d  a d a p t i v e  a l g o r i t h m s  were e f f e c t i v e  i n  c o r r e c t i n g  
pa r a me t e r  e r r o r s ,  (and t h e r e f o r e  s t a t e  b i a s e s ) ,  and gave  
enhanced c o n t r o l .
TO BEAN
VI am i n d e b t e d  t o  my s u p e r v i s o r ,  Dr.  R. J .
L i t c h f i e l d ,  n o t  o n l y  f o r  t h e  o p p o r t u n i t y  o f  c o n d u c t i n g  
r e s e a r c h  i n t o  an i n t e r e s t i n g  and e x p a n d i ng  f i e l d  o f  
s t u d y  b u t  a l s o  f o r  t h e  a s s i s t a n c e  whi ch he has g i v e n .
I s h ou l d  a l s o  l i k e  t o  t h a n k : -
The academi c  and t e c h n i c a l  s t a f f  o f  t h e  Department  
o f  Che mi c al  E n g i n e e r i n g ,  under P r o f e s s o r  S. R.  T a i l b y ,  f o r  
t h e i r  a d v i c e  and e x p e r t i s e .
The S c i e n c e  R e s e a r c h  C o u n c i l l o r  f i n a n c i a l  s u p p o r t .
My f e l l o w  p o s t g r a d u a t e  s t u d e n t s ,  i n  p a r t i c u l a r  Dr.  
K . S .  C a mp b e l l ,  f o r  u s e f u l  a d v i c e  i n  a r e a s  o f  mutual  i n t e r e s t .
My f a m i l y  and f r i e n d s ^ o r  c o n t i n u a l  e nc our ag eme nt .
Mrs.  J a c k i e  Ovenden,  who p a i n s t a k i n g l y  t y p e d  t h i s
t h e s i s .
ACKNOWLEDGEMENTS
v i
CONTENTS P a g e
SUMMARY   i
DEDICATION ..................................... . ................................................................ i v
ACKNOWLEDGEMENTS ................................     v
C h a p t e r  1 .  INTRODUCTION .............    1
1 . 1 .  The Op t i ma l  C o n t r o l  o f  Che mi cal  P r o c e s s e s  2
1 . 2 .  D i r e c t  D i g i t a l  C o n t r o l  (DDC) ......................... 4
C h a p t e r  2. A SURVEY OF ESTIMATION AND CONTROL THEORY
AND APPLICATIONS ................................................................  8
2 . 1 .  E s t i m a t i o n  T h e o r y ..................   9
2 . 2 .  C o n t r o l  The o ry  .............................    22
2 . 3 .  S i m u l a t e d  and P r a c t i c a l  A p p l i c a t i o n s   29
2 . 4 .  R e s e a r c h  O b j e c t i v e s  ..............................................  38
C h a p t e r  3. THE PROCESS AND EQUIPMENT ...................      40
3 . 1 .  The P r o c e s s   ....................................................   41
3 . 2 .  I n s t r u m e n t a t i o n  ................................................  46
3 . 3 .  C o n t r o l  .............................................................    4 7
3 . 4 .  The I n t e r f a c e  ............................................................ 48
3 . 5 .  A n a l o g  Computer  ............................................  49
3 . 6 .  D i g i t a l  Computer and Hardware .....................  49
3 . 7 .  S o f t w a r e  ................................................................  4 9
Ch a p t e r  4.  SYSTEMS ANALYSIS -  1 ........................................................  51
4 . 1 .  P r o c e s s  Models  ..................   52
Ch a p t e r  5. PRELIMINARY EXPERIMENTAL WORK....................................  58
5 . 1 .  Measurement A c c u r a c y  and N o i s e  .................  59
5 . 2 .  C a l i b r a t i o n  o f  I ns t r u me n t s  ........................... 60
5 . 3 .  C o n t r o l  Subsyst ems A n a l y s i s  ........................  67
5 . 4 .  O p e r a t i n g  Record ............................................   80
5 . 5 .  Mi x i n g  T e s t s     80
5 . 6 .  The M o d i f i e d  O v e r a l l  Heat  T r a n s f e r  
C o e f f i c i e n t    81
Ch a p t e r  6 . SYSTEMS ANALYSIS -  2 ......................................................  109
6 . 1 .  S e n s i t i v i t y  A n a l y s i s  ........................................  1 1 0
6 . 2 .  I n t e g r a t i o n  A l g o r i t h m s  .............................  1 1 7
6 . 3 .  Random N o i s e  G e n e r a t o r  T e s t s  ......................  1 1 7
C h a p t e r  7.  ESTIMATION AND CONTROL THEORY .......................    123
7 . 1 .  The Probl em ........................................................  124
7 . 2 .  N o n l i n e a r  F i l t e r i n g  Theory ..........................  125
7 . 3 .  E x a c t  Measurement E s t i m a t o r  ........................  132
7 . 4 .  C o m p u t a t i o n a l  Enhancement ............................. 133
7 . 5 .  D e t e r m i n i s t i c  C o n t r o l  The or y  ......................  138
7 . 6 .  The S e p a r a t i o n  Theorem and A d a p t i v e  
S t o c h a s t i c  C o n t r o l   ................................  143
C h a p t e r  8 . EXPERIMENTAL PROCEDURE ............................    145
8 . 1 . I n t r o d u c t i o n  ................ * ......................................... 146
8 . 2 .  S o f t w a r e  Devel opment  .......................................... 148
8 . 3 .  E x p e r i m e n t a l  C o n d i t i o n s  ................................... 153
8 . 4 .  Dat a A n a l y s i s     155
8 . 5 .  F i n a l  P r e s e n t a t i o n  o f  R e s u l t s  .....................  157
v i i i
9 . 1 .  I n t r o d u c t i o n   ................................................  159
9 . 2 .  S i m u l a t e d  E s t i m a t i o n  Ex p e r i me n t s  . . . .  159
9 . 3 .  S i m u l a t e d  C o n t r o l  Ex p e r i me n t s  ............ 168
9 . 4 .  S i m u l a t e d  E s t i m a t i o n  and C o n t r o l  
E x p e r i me n t s  .......................................................  169
9 . 5 .  P r a c t i c a l  E s t i m a t i o n  Ex p e r i me n t s  . . . .  172
9 . 6 .  P r a c t i c a l  C o n t r o l  Ex p e r i me n t s  ..............  174
9 . 7 .  P r a c t i c a l  E s t i m a t i o n  and C o n t r o l  
Ex p e r i m e n t s  .............       1 7 7
C h a p t e r  10.  CONCLUSIONS .............................................................  251
1 0 . 1 .  G e n e r a l  Comments .......................................... 252
1 0 . 2 .  Summary o f  R e s u l t s  and C o n c l u s i o n s  . 254
1 0 . 3 .  Recommendations f o r  F u t u r e  S t udy  . . .  257
REFERENCES ..................    259
Ap p e nd i x  A E x p e r i m e n t a l  R e s u l t s  ...................... ' ......................  273
Ap p e nd i x  B Nominal  Model Data and S o f t w a r e  L i s t i n g s  . 361
A p p e n d i x  C T e c h n i c a l  S p e c i f i c a t i o n s  o f  Equipment . . . .  385
C h a p t e r  9 .  EXPERIMENTAL RESULTS ...................................................  158
CHAPTER 1  
INTRODUCTION
1 .  INTRODUCTION
1 . 1 .  The  O p t i m a l  C o n t r o l  o f  C h e m i c a l  P r o c e s s e s .
O p t i m i s a t i o n  i s  i n e x t r i c a b l y  l i n k e d  t o  t he  f o r m u l a t i o n  
o f  o b j e c t i v e s .  The c o n c e p t  o f  o p t i m a l i t y  i s  founded upon 
t he  b e l i e f  t h a t  a l l  f a c t o r s  whi c h d e t e r mi ne  t h e  q u a l i t y  o f  
per f o r manc e  o f  a s y s t e m may be combined i n t o  a s i n g l e  
pe rf or manc e  i n d e x .
I n d u s t r y  may pe rh a ps  r e g a r d  maximum n e t  p r o f i t  as t h e  
most m e a n i n g f u l  i n d i c a t o r  o f  o p t i m a l i t y  b u t  a d e t a i l e d  
economic a n a l y s i s  o f  a l l  c o n t r i b u t o r y  f a c t o r s  woul d be 
n e c e s s a r y  f o r  t he  c o n s t r u c t i o n  o f  such an i n d e x  o f  p e r f o r ma n c e .  
S a f e t y  would be e x t r e m e l y  d i f f i c u l t  to e v a l u a t e  i n  monet ar y  
t e r m s ;  even i f  t h i s  were p o s s i b l e ,  t he  r e s u l t i n g  i n d e x  mi g h t  
w e l l  be m a t h e m a t i c a l l y  i n t r a c t a b l e .  In a d d i t i o n ,  t o  f u r t h e r  
c o m p l i c a t e  m a t t e r s ,  t h e  c o s t  o f  t he  o p t i m a l  s o l u t i o n  i t s e l f  
must be c o n s i d e r e d .  F i n a l l y ,  c h e m i c a l  p r o c e s s e s  are  s u b j e c t  
t o  some d e g r e e  o f  u n c e r t a i n t y  and many e x h i b i t  n o n l i n e a r  
dynamic b e h a v i o u r .  The o p t i m a l  c o n t r o l  o f  s u c h sy s t e ms i s  
beyond c u r r e n t  t e c h n o l o g i c a l  c a p a b i l i t y  u n l e s s  c e r t a i n  
s i m p l i f y i n g  a s s u mp t i o n s  are  made, t he  c o n s i d e r a t i o n  o f  which  
f o l l o w s .
I f  one pe rf or manc e  i n d e x  i s  t oo c o mpl e x ,  a n o t h e r  may be 
chose n as an e x p e d i e n t  means o f  a p p r o x i m a t i n g  t h e  d e s i r e d  
measure.  I t  i s  t h e  t a s k  o f  e n g i n e e r s  t o  f o r m u l a t e  t h e s e  
somewhat a r b i t r a r y  measures o f  e f f e c t i v e n e s s  b a s e d  on t he  
e f f i c a c y  o f  t he  r e s u l t i n g  c o n t r o l  p o l i c y .
Once an i n d e x  o f  pe rf or manc e  has been chose n an 
o p t i m a l  n o n l i n e a r  s t o c h a s t i c  c o n t r o l  probl em may be 
f o r m u l a t e d  (80).  However,  t h e  r e s u l t i n g  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n s  c a nnot  i n g e n e r a l  be s o l v e d .  T h i s  
i s  i n  marked c o n t r a s t  t o  c a s e s  where t he  s y s t e m i s  l i n e a r  
w i t h  Ga us s i a n d i s t u r b a n c e s  and t he  pe rf or mance  i nde x  
q u a d r a t i c .  In such c a s e s  t he  " S e p a r a t i o n  Theorem" ( 6 6 ) 
a p p l i e s  and t he  probl em may be s e p a r a t e d  i n t o  a s t a t e  
e s t i m a t i o n  and a d e t e r m i n i s t i c  c o n t r o l  pr obl em.  For non­
l i n e a r  s ys t ems t h i s  s e p a r a t i o n  i s  n o t  v a l i d  and i f  t he  
e s t i m a t i o n  and c o n t r o l  pr obl ems are  s e p a r a t e d  t he  o v e r a l l  
sy s t e m w i l l  n o t  be o p t i m a l .  In p r a c t i c a l  c a s e s  however,  
t h e r e  i s  o f t e n  no a l t e r n a t i v e  but  t o  a c c e p t  t he  r e s u l t i n g  
s u b o p t i ma l  s y s t e m s i m p l y  b e c a u s e  i t  o f f e r s  t he  o n l y  
s o l u t i o n .  I t  i s  q u i t e  p o s s i b l e  t h a t  t he  d e v i a t i o n  from 
o p t i m a l i t y  w i l l  be s m a l l  (64) , a l t h o u g h  each new probl em  
s h o u l d  be che c ke d t o  c o n f i r m  t h i s .  I f  a p p l i e d ,  t he  
S e p a r a t i o n  Theorem n e c e s s i t a t e s  t he  s o l u t i o n  o f  two pr o b l e ms .
The f i r s t  t o  be c o n s i d e r e d  i s  t he  n o n l i n e a r  d e t e r m i n i s t i c  
c o n t r o l  probl em.  The s o l u t i o n  u s u a l l y  r e q u i r e s  t i m e -  
consuming i t e r a t i v e  t e c h n i q u e s  which i n many c a s e s  p r e c l u d e  
o n - l i n e  i m p l e m e n t a t i o n .  Many methods have t h e r e f o r e  been  
e v o l v e d  whi ch s i m p l i f y  t h e  c a l c u l a t i o n  o f  a c o n t r o l  p o l i c y ;  
some l i n e a r i s e  t h e  n o n l i n e a r  s y s t e m e q u a t i o n s  about  an 
o p e r a t i n g  s t a t e  ( 1 1 0 ) whereas o t h e r s  s i m p l i f y  t he  pe rf or mance  
i n d e x  so t h a t  an i n s t a n t a n e o u s ,  r a t h e r  than o v e r a l l ,  
optimum may be a c h i e v e d  (49),  ( 1 0 9 ) .
4Some probl ems ar e  amenable t o  t he  p r e c o m p u t a t i o n  o f  a 
f e e d b a c k  c o n t r o l  l a w.
The se cond i s  t he  n o n l i n e a r  s t a t e  e s t i m a t i o n  
pr obl em.  T h i s  may be s o l v e d  by w e l l  e s t a b l i s h e d  t e c h n i q u e s  
such as m o d i f i e d  Kalman f i l t e r i n g .  Such a ppr o a c he s  a l l o w  
s e q u e n t i a l  e s t i m a t i o n  o f  pa r a me t e r s  as w e l l  as s t a t e s  and 
have p r o m i s i n g  a d a p t i v e  p r o p e r t i e s .
These two probl ems may u s u a l l y  be s o l v e d  and 
c o n v e n i e n t l y  i mpl emented by d i g i t a l  comput er.
1 . 2 .  D i r e c t  D i g i t a l  C o n t r o l .  (DPC)
The use o f  d i g i t a l  computers f o r  t he  c o n t r o l  o f  
c h e m i c a l  p r o c e s s e s  i s  now an e s t a b l i s h e d  t e c h n i q u e  whi ch has  
shown c o n s i d e r a b l e  a d v a n t a g e s  o v e r  c o n v e n t i o n a l  a n a l o g  
c o n t r o l l e r s  s i n c e  i t s  i n d u s t r i a l  i n t r o d u c t i o n  w i t h i n  t he  l a s t  
d e c a d e .
I n s t e a d  o f  m e r e l y  s u p p l a n t i n g  c o n v e n t i o n a l  c o n t r o l l e r s ,  
DDC p e r m i t s  t he a p p l i c a t i o n  o f  t he  advanced e s t i m a t i o n  and 
c o n t r o l  methods whi ch have been b r i e f l y  me nt i one d.
DDC has t he  c a p a b i l i t y  t o  i n c r e a s e  p r o d u c t i v i t y  
b e c a u s e  o f  c l o s e r  c o n t r o l ;  t o  i n c r e a s e  s a f e t y  by m o n i t o r i n g  
k e y  p r o c e s s  v a r i a b l e s ;  t o  r e j e c t  n o i s e  on measurements;  t o  
i n v e s t i g a t e  p r o c e s s  dynamics and t o  a d a p t i v e l y  change c o n t r o l  
s t r a t e g y  t o  compensate f o r  e n v i r o n m e n t a l  or p r o c e s s  c h a n g e s .
5The DDC i n s t a l l a t i o n  may i t s e l f  be p a r t  o f  a 
h i e r a r c h y  and r e c e i v e  i n s t r u c t i o n s  on t he  o p t i m a l  s t a t e  
a t  whi ch t o  o p e r a t e  t he  p l a n t ,  b a s e d  on raw m a t e r i a l  and 
p r o d u c t  e c on o mi c s .
Beck and Wai nwr i g ht  ( 8 ) have p r e s e n t e d  t h e  
f u n d a me n t a l s  o f  DDC i n  a c l e a r  and c o n c i s e  form,  i n c l u d i n g  
a g u i d e  t o  e x p e c t e d  f u t u r e  d e v e l o p me n t .  P i l o t  s c a l e  (37)  
and f u l l  s c a l e  (50) s t u d i e s  have been c a r r i e d  o ut  and t o d a y  
DDC i s  i n  use on many f u l l  s i z e  p l a n t s .  An e x t e n s i v e  
b i b l i o g r a p h y  i s  g i v e n  by  W i l l i a m s  ( 1 4 0 ) .
A f e a s i b i l i t y  s t u d y  u n d e r t a k e n  w i t h  a v i e w  to  
i mpl eme nt i ng  DDC on a p l a n t  would i n  i t s e l f  be w o r t h w h i l e ,  
s i n c e  an improved u n d e r s t a n d i n g  o f  t he  p r o c e s s  would r e s u l t .  
On l a r g e  t h r o u g h p u t  p l a n t s ,  even s m a l l  p e r c e n t a g e  r e d u c t i o n s  
i n  o p e r a t i n g  c o s t s  c o u l d  j u s t i f y  t he  i n s t a l l a t i o n  o f  a 
comput er.
On l a r g e  e x i s t i n g  p l a n t s  i t  may be e c o n o m i c a l l y  v i a b l e  
t o  automat e c e r t a i n  k e y  o p e r a t i o n s ,  pe rhaps  w i t h  t h e  a i d  o f  
cheap m i c r o p r o c e s s o r s , i n s t e a d  o f  more e l a b o r a t e  n e t w o r k s .
Re c e nt  a d v a nc e s  i n  i n t e g r a t e d  c i r c u i t  d e s i g n  have  
i n c r e a s e d  computer r e l i a b i l i t y  and spe e d and r e a l  t ime h i g h  
l e v e l  l a n g u a g e s  have a i d e d  programming.  However DDC i s  n o t
6as common t o d a y  as may be e x p e c t e d .  There a r e  s e v e r a l  
r e a s o n s  f o r  t h i s ,  whi ch i n c l u d e
(a) t he  f a c t  t h a t  many s o p h i s t i c a t e d  
t h e o r e t i c a l  c o n t r o l  t e c h n i q u e s  have  
no t  been f u l l y  t e s t e d  on r e a l  p l a n t s  
and t h e r e  i s  t h e r e f o r e  a n a t u r a l  
r e l u c t a n c e  t o  implement them.
(b) t h e  f a c t  t h a t  e x i s t i n g  c o n v e n t i o n a l  
c o n t r o l l e r s ,  w h i l s t  n o t  o p t i m a l , - ar e  
u s u a l l y  c a p a b l e  o f  c o n t r o l l i n g  p r o c e s s e s  
s u c c e s s f u l l y .
(c) t he d i f f i c u l t y  o f  a c c u r a t e l y  m o d e l l i n g  
l a r g e  and complex p r o c e s s e s .
(d) t he  p o s s i b l e  a l t e r a t i o n  o f  e x i s t i n g  
c o n t r o l  schemes t o  p r o v i d e  e l e c t r i c a l  
s i g n a l s .
However,  i t  i s  hoped t h a t  t hr ough p r a c t i c a l  i n v e s t i g a t i o n  
and e x p e r i e n c e ,  c o n f i d e n c e  w i l l  be g a i n e d  i n  i mpl e me nt i ng  DDC.
The r e s e a r c h  p r e s e n t e d  i n  t h i s  t h e s i s  c o n s i d e r s  o p t i m a l  
c o n t r o l  and e s t i m a t i o n  t e c h n i q u e s  and t h e i r  a p p l i c a t i o n  t o  
t h e  d i r e c t  d i g i t a l  c o n t r o l  o f  a r e a l  c o n t i n u o u s  s t i r r e d  t a n k  
r e a c t o r  (CSTR).
In C h a p t e r  2 t he  a v a i l a b l e  l i t e r a t u r e  i s  r e v i e w e d  and 
s p e c i f i c  o b j e c t i v e s  are  s t a t e d .  The p r o c e s s  i s  f u l l y  
d e s c r i b e d  i n C h a p t e r  3 and p r o c e s s  models d e r i v e d  i n  
Ch a p t e r  4. E x t e n s i v e  p r e l i m i n a r y  e x p e r i m e n t a l  work was 
c a r r i e d  out  and t h i s  i s  p r e s e n t e d  i n  Chapt e r  5.  F u r t h e r  
t o p i c s  c l o s e l y  r e l a t e d  t o  m o d e l l i n g  are  d i s c u s s e d  i n  
C h a p t e r  6 , w h i l s t  C h a p t e r  7 p r e s e n t s  a u n i f i e d  e x p o s i t i o n  
o f  r e l e v a n t  e s t i m a t i o n  and c o n t r o l  t h e o r y .  The main 
e x p e r i m e n t a l  p r o c e d u r e  i s  o u t l i n e d  in C h a p t e r  8  and t he  
r e s u l t s  d i s c u s s e d  i n  C h a p t e r  9.  C o n c l u s i o n s  and 
recommendations f o r  f u r t h e r  s t u d y  appear  i n  C h a p t e r  10.  
A p p e n d i c e s  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  ab out  e x p e r i m e n t a l  
r e s u l t s ,  p r o c e s s  p a r a m e t e r s ,  s o f t w a r e  and har dware .
In C h a p t e r s  5 and 9,  F i g u r e s  and T a b l e s  are  p r e s e n t e d  
a t  t he  end,  so t h a t  t h e y  would n o t  i n t e r f e r e  w i t h  t he  
r e a d i n g  o f  t he  t e x t .
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2 .  A SURVEY OF ESTIMATION AND CONTROL THEORY AND APPLICATIONS.
2 . 1 .  E s t i m a t i o n  The o ry
2 . 1 . 1 .  I n t r o d u c t i o n
E n g i n e e r s  and s c i e n t i s t s  a t t e m p t  t o  g a i n  an i n s i g h t  i n t o  
t h e  wo r k i n g s  o f  t he  n a t u r a l  wo r l d  by o b s e r v a t i o n s .  These  
o b s e r v a t i o n s  may w e l l  be c o r r u p t e d  by e r r o r s  and t he  p r o c e s s  
s t u d i e d  may be s u b j e c t  t o  random d i s t u r b a n c e s .  A d d i t i o n a l l y ,  
t he  p r o c e s s  b e h a v i o u r  may be i n f l u e n c e d  by c e r t a i n  pa r a me t e r s  
whi ch are  unmeasurabl e  or i m p r e c i s e l y  known. E s t i m a t i o n  
t h e o r y  a i d s  t he  c h e m i c a l  e n g i n e e r  i n  t h e  s t r u g g l e  to overcome  
t h e s e  p r o b l e m s .
In a d i r e c t  d i g i t a l  c o n t r o l  s y s t e m ,  i t  i s  n e c e s s a r y  t h a t  
d i s c r e t e  o b s e r v a t i o n s  be t a k e n  a t  some t ime t  ( n = l , 2 , . . . . , k ) . 
The e s t i m a t i o n  o f  s t a t e s  a n d / o r  p a r a me t e r s  i n  such a s y s t e m  
i s  t h e r e f o r e  b a s e d  on sampled d a t a .
The d i s c r e t e  e s t i m a t i o n  probl em a t  t ime t  c o n s i s t s  o f^ m
comput i ng s t a t e  and/ or  pa r a me t e r  e s t i m a t e s  b a s e d  on an 
o b s e r v a t i o n  s e q u e n c e .
I f  m<n t he probl em i s  one o f  s moot h i ng,  i f  m=n i t  i s  one 
o f  f i l t e r i n g  and i f  m>n i t  i s  one o f  p r e d i c t i o n .
For o n - l i n e  a p p l i c a t i o n s ,  t he  f i l t e r i n g  probl em i s  o f  
g r e a t  s i g n i f i c a n c e .  C u r r e n t  s t a t e  e s t i m a t e s  ar e  u s e f u l  f o r
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c o n t r o l  p u r p o s e s ,  w h i l s t  o n - l i n e  pa r a me t e r  e s t i m a t i o n  e n a b l e s  
an a d a p t i v e  c o n t r o l  s y s t e m t o  a t t e m p t  t o  o p t i m i s e  i t s  own 
p e r f o r ma n c e .  A r e c u r s i v e  e s t i m a t o r  s t r u c t u r e  i s  a l s o  v e r y  
u s e f u l ,  f o r  i t  o b v i a t e s  t he  need to s t o r e  l a r g e  q u a n t i t i e s  o f  
d a t a .  T h e r e f o r e ,  t h e  f i l t e r i n g  probl em w i l l  r e c e i v e  much 
a t t e n t i o n  i n  t he  s u b s e q u e n t  c h a p t e r s .
A c o mp l e t e  r e v i e w  o f  e s t i m a t i o n  t h e o r y  i s  i n a p p r o p r i a t e .  
E x c e l l e n t  s u r v e y s  are  g i v e n  i n  t he  pape r  by Nieman, F i s h e r  
and Sebor g (104) and i n  t he  r e c e n t  book by E y k h o f f  ( 3 5 ) .  
However,  i t  i s  p e r t i n e n t  t o  p u t  i n t o  c o n t e x t  t e c h n i q u e s  t h a t  
w i l l  be use d l a t e r . .
2 . 1 . 2 .  M o d e l l i n g .
The f o r m u l a t i o n  o f  a t h e o r y  t o  e x p l a i n  n a t u r a l  phenomena 
may be termed 'model  b u i l d i n g '  and i s  o f  f undament al  
i mp o r t a n c e .  Models  may be b r o a d l y  s u b d i v i d e d  i n t o  two groups -  
d e t e r m i n i s t i c  and s t o c h a s t i c  -  w i t h  o n l y  t h e  l a t t e r  t a k i n g  
u n c e r t a i n t y  i n t o  a c c o u n t .  These  two groups may each be f u r t h e r  
s u b d i v i d e d  i n t o  dynamic and s t e a d y  s t a t e  mo d e l s ,  w i t h  t he  
f ormer r e p r e s e n t i n g  t r a n s i e n t  b e h a v i o u r .
D e t e r m i n i s t i c  model b u i l d i n g  f o r  c h e m i c a l  p r o c e s s e s  has  
had a l o n g  h i s t o r y ;  i t  has been found t h a t  f i r s t  or  second  
o r d e r  p l u s  dead t ime t r a n s f e r  f u n c t i o n  model s o f  t he  form:
K . e “ a *T -s
( t . s + 1 ) ( b . T . s + 1 )
( 2 . 1 )
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where G(s)  i s  t he  p r o c e s s  t r a n s f e r  f u n c t i o n  
and K, a ,  b and t a r e  c o n s t a n t s  w i t h  b=o f o r  
a f i r s t  o r d e r  models
r e p r e s e n t e d  t he  c h a r a c t e r i s t i c s  o f  a wide v a r i e t y  o f  c h e m i c a l  
p r o c e s s e s  such as l i q u i d - l i q u i d  (13) and g a s - l i q u i d  (48) 
c o n t a c t i n g ,  h e a t  e x c h a n g e r s  (55) and d i s t i l l a t i o n  columns ( 8 8 ) .  
A d j u s t me n t  o f  t he p a r a me t e r s  K , a ,  b and t  c o u l d  be c o n t i n u e d  
u n t i l  t he  b e s t  agreement  w i t h  e x p e r i m e n t a l  d a t a  was o b t a i n e d .
However,  i t  seems l o g i c a l  t o  use a l l  a v a i l a b l e  
knowl edge and t o  b e g i n  model b u i l d i n g  w i t h  t h e  a p p l i c a t i o n  o f  
b a s i c  p h y s i c a l  and c h e m i c a l  l a w s .  In t h i s  way such e f f e c t s  as  
n o n l i n e a r  dynamics may be more e a s i l y  m o d e l l e d .  Dynamic models  
c o n s t r u c t e d  i n  t h i s  way o f t e n  c o n s i s t  o f  a s e t  o f  o r d i n a r y  or. 
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  and may be e x p r e s s e d  i n ' s t a t e - s p a c e 1 
n o t a t i o n .  In t h i s  form,  t h e y  are  e a s i l y  coded f o r  t r a n s f e r e n c e  t o  
a d i g i t a l  comput er.  An e x t e n s i v e  b i b l i o g r a p h y  o f  computer  
s i m u l a t i o n s  o f  many c h e m i c a l  p r o c e s s e s  i s  g i v e n  by  Shah ( 1 2 6 ) .
Three i n t e r e s t i n g  p a p e r s  p r e s e n t  c a s e  h i s t o r i e s  o f  
p r a c t i c a l ,  o n - l i n e ,  d e t e r m i n i s t i c  model b u i l d i n g .  B r a y ,  Hi gh,  
McCann and Jemmeson ( 1 7)  c o n s i d e r e d  t he  m o d e l l i n g  o f  a w a t e r  gas  
s h i f t  c o n v e r t e r .  U s i n g  r e g r e s s i o n  a n a l y s i s ,  t h e y  showed t h a t  i t  
was p o s s i b l e  t o  p r e d i c t  t h e  c o n v e r t e r ' s  b e h a v i o u r  u s i n g  
r e l a t i v e l y  l i m i t e d  comput i ng f a c i l i t i e s .
N e w e l l  and F i s h e r  ( 101)  s u c c e s s f u l l y  mo d e l l e d  a doubl e  
e f f e c t  p i l o t  p l a n t  e v a p o r a t o r  and managed t o  r educ e  a t e n t h  o r d e r  
n o n l i n e a r  dynamic model t o  a f i f t h  o r de r  s t a t e
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s p a c e  model whi ch g a v e  a good r e p r e s e n t a t i o n  o f  open  
l oop r e s p o n s e s .
Nort on and Smith (106) d e v e l o p e d  a model so t h a t  
t he  dynamic b e h a v i o u r  o f  a f i x e d  bed c a t a l y t i c  r e a c t o r  
may be d i g i t a l l y  s i m u l a t e d .  They d i s c u s s e d  t h e  d i f f i c u l t i e s  
t h a t  may be e n c o u n t e r e d  i n  such an o p e r a t i o n .
S t o c h a s t i c  m o d e l l i n g  has been used i n  t h e  f i e l d  o f  
p r o c e s s  d e s i g n  i n  a t t e m p t s  made by Berryman and Himmelblau  
( 1 1 ) ,  ( 1 2 ) t o  improve d e c i s i o n  making and r e du c e  t he  need  
t o  s p e c i f y  l a r g e  s a f e t y  f a c t o r s  t o  accomodate t he  r e a l i t y  
o f  u n c e r t a i n t y .
Rao,  Ramkrishna and Borwanker ( 1 1 3 )  have c o n d u c t e d  
a s t u d y  i n t o  t h e  n o n l i n e a r  s t o c h a s t i c  s i m u l a t i o n  o f  
s t i r r e d  t a n k  r e a c t o r s .  An a l g o r i t h m  due t o  t h e  a u t h o r s  
f o r  s o l v i n g  n o n l i n e a r  s t o c h a s t i c  d i f f e r e n t i a l  e q u a t i o n s  
was used t o  show t h a t  t h e r e  may be s i g n i f i c a n t  d i f f e r e n c e s  
b et ween t he  e x p e c t e d  s t o c h a s t i c  o u t p u t  and t he  d e t e r m i n i s t i c  
o u t p u t  f o r  t he  p r o c e s s  s t u d i e d .  S t o c h a s t i c  m o d e l l i n g  must  
t a k e  i n t o  a c c o u n t  t h e  n a t u r e  and q u a l i t y  o f  random v a r i a b l e s  
use d f o r  m o d e l l i n g  p u r p o s e s .
I t  i s  a p p a r e n t  t h a t  model making f o r  complex p l a n t s  
i s  n o t  an e a s y  t a s k  and t h i s  e x p l a i n s  t h e  o r i g i n a l  
p r e f e r e n c e  f o r  t r a n s f e r  f u n c t i o n  model s .  The d e d u c t i o n  o f  
a s i m p l e ,  a c c u r a t e  model  f o r  a p a r t i c u l a r  c h e m i c a l  p r o c e s s  
i s  o f  i mpor t ance  t o  b o t h  e s t i m a t i o n  and c o n t r o l  s t u d i e s .
I f  a t r a n s f e r  f u n c t i o n  model i s  d e s i r e d ,  w e l l  
e s t a b l i s h e d  t e c h n i q u e s  may be use d t o  o b t a i n  i n f o r m a t i o n  
from l i n e a r  p r o c e s s e s  or c e r t a i n  n o n - l i n e a r  p r o c e s s e s  
whi ch are  amenable t o  l o c a l  l i n e a r i s a t i o n  about  an 
o p e r a t i n g  s t a t e .  For s i n g l e  i n p u t - s i n g l e  o u t p u t  (SISO)  
s y s t e m s ,  t he  most common methods r e l y  on m o n i t o r i n g  
s y s t e m o u t p u t  w h i l s t  an i n p u t  s i g n a l  i s  a p p l i e d .  S e v e r a l  
f o r c i n g  f u n c t i o n s  may be c hos e n but  t he  b a s i c  methods o f  
a n a l y s i s  a r e  s i m i l a r ,  i n v o l v i n g  c o r r e l a t i o n  and/or  
F o u r i e r  t r a n s f o r m a t i o n  t e c h n i q u e s .
I f  a t i me s e r i e s  o f  i n p u t - o u t p u t  d a t a  f o r  a p r o c e s s  
has been r e c o r d e d ,  a p a r t i c u l a r l y  u s e f u l  method whi ch may 
be use d t o  o b t a i n  t he  t r a n s f e r  f u n c t i o n  o f  t he  p r o c e s s  
d i r e c t l y  u t i l i s e s  t he  F a s t  F o u r i e r  Tr ansf orm (FFT) ( 2 1 ) .  
T h i s  i s  a c o m p u t a t i o n a l l y  e f f i c i e n t  form o f  t h e  D i s c r e t e  
F o u r i e r  Transf orm ( DF T) , whose a d d i t i o n a l  a p p l i c a t i o n s  have  
been d e s c r i b e d  by C o o l e y ,  Lewi s  and Welch ( 2 6 ) .  An 
a l g o r i t h m  f o r  t he  c a l c u l a t i o n  o f  t he  r a d i x - 2  t r a n s f o r m  
has been p r o v i d e d  by Ac k r o yd  ( 1 ) .
The use o f  c o r r e l a t i o n  t e c h n i q u e s ,  such as t he  one 
d e s c r i b e d  by K e n d a l l  (74) may be used t o  r educ e  t he  e f f e c t s  
o f  a d d i t i v e  n o i s e  whi c h may c o r r u p t  t he  o b s e r v a t i o n s .  A l l  
s o u r c e s  o f  e r r o r  i n  p r e p a r i n g  e s t i m a t e s  u s i n g  such  
p r o c e d u r e s  have been a n a l y s e d  by Cummins (29) and an 
e x p r e s s i o n  f o r  c o n f i d e n c e  l i m i t s  o f  f r e q u e n c y  r e s p o n s e
2 . 1 . 3 .  L i n e a r  S y s t e m s .
14
Perhaps t he  most w i d e l y  a c c e p t e d  i n p u t  t e s t  s i g n a l  
i s  t h e  Pseudo Random B i n a r y  Sequence (PRBS). Many wor ker s  
have d e s c r i b e d  r e s u l t s  o b t a i n e d  u s i n g  PRBS. Lamb and Rees  
(81)  s u c c e s s f u l l y  i d e n t i f i e d  a l i n e a r  s y s t e m i n  open l oop  
mode. Goodman, K a t z ,  Kramer and Kuo (47) and Homan and 
T i e r n e y  (54) b ot h  o b t a i n e d  r e s u l t s  from l a b o r a t o r y  s y s t e m s ,  
w h i l s t  Hu t c hi ns o n and S h e l t o n  (57) e s t i m a t e d  t he  t r a n s f e r  
f u n c t i o n  o f  a f u l l  s c a l e  r e f i n e r y  d e p r o p a n i z e r  column.
Anot h e r  s i g n a l  o f  i n t e r e s t  i s  t he  s i n e  wave,  whi ch  
has r e c e n t l y  l o s t  p o p u l a r i t y .  T h i s  i s  p a r t l y  b e c a u s e  o f  
t he  l e n g t h  o f  t ime r e q u i r e d  t o  c ompl e t e  t e s t s  a t  each  
f r e q u e n c y  o f  i n t e r e s t .  I t  i s  p o s s i b l e ,  howe ve r ,  as  
S h e r i d a n  ( 1 27 )  and L i t c h f i e l d  ( 8 6 ) have shown, to c o n s t r u c t  
a t e s t  s i g n a l  whi c h i s  a sum o f  d i s c r e t e  f r e q u e n c y  s i n e  
wa v e s .  T h i s  s i g n a l  i s  c o n c e p t u a l l y  e x t r e m e l y  s i mp l e  and 
t h e  f r e q u e n c y  spe c t r um may be e a s i l y  t a i l o r e d  t o  
i n d i v i d u a l  r e q u i r e m e n t s .
A l t e r n a t i v e l y ,  i t  i s  f e a s i b l e  t o  i d e n t i f y  l i n e a r  
s y s t e ms  u s i n g  t h e  Kalman F i l t e r .  S i n c e  i t s  i n t r o d u c t i o n  
around 1960 ( 6 8 ) , (69) , t he  f i l t e r  has r e c e i v e d  much 
a t t e n t i o n  i n  t he  l i t e r a t u r e .  I t  was o r i g i n a l l y  d e v e l o p e d  
as a t o o l  f o r  e s t i m a t i n g  t he  s t a t e s  o f  l i n e a r  p l a n t  and 
measurement s y s t e ms  from n o i s y  o b s e r v a t i o n s  and found  
immediate a p p l i c a t i o n  i n  t he  a e r o s p a c e  i n d u s t r y .  I t  has  
t h e  a d v a n t a g e  t h a t  s t a t e  and pa r a me t e r  e s t i m a t i o n  may be 
e a s i l y  combined by t h e  a u g me n t a t i o n  o f  t h e  s t a t e  e q u a t i o n s
r e s u l t s  h a s  b e e n  d e r i v e d  b y  Goodman ( 4 6 ) .
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w i t h  a d d i t i o n a l  e q u a t i o n s  d e s c r i b i n g  t he  b e h a v i o u r  o f  
s e l e c t e d  p a r a m e t e r s .  For t h e  c a s e  o f  a c o n s t a n t  p a r a m e t e r ,  
t he  e x t r a  e q u a t i o n s  i n v o l v e d  w i l l  be t r i v i a l .  The Kalman 
f i l t e r  has t he  added ' advant age t h a t  e s t i m a t i o n  a c c u r a c y  
i n d i c a t i o n s  ar e  a v a i l a b l e  as a m a t t e r  o f  c o u r s e .
2 . 1 . 4 .  N o n l i n e a r  S y s t e m s .
Many c h e m i c a l  p r o c e s s e s  are  c h a r a c t e r i s e d  by non­
l i n e a r  p l a n t  and measurement model s .  N o n l i n e a r  e s t i m a t i o n  
t h e o r y  i s  n o t  as advanced as i t s  l i n e a r  c o u n t e r p a r t  but  
s e v e r a l  methods have been pr o p os e d  and t h e s e  have been  
r e v i e w e d  by S e i n f e l d  ( 1 2 3 ) .
The d e t e r m i n a t i o n  o f  model pa r a me t e r s  i n  n o n l i n e a r  
a l g e b r a i c  models from e x p e r i m e n t a l  measurements may be 
c a r r i e d  out  by g r a d i e n t  me t hods,  a t y p i c a l  one b e i n g  t h a t  
o f  Marquardt  ( 9 0 ) .  Such methods ar e  u s u a l l y  u s e d f o r  o f f ­
l i n e  e s t i m a t i o n  s t u d i e s ,  such as t he  d e t e r m i n a t i o n  o f  
c h e m i c a l  r e a c t i o n  r a t e  c o n s t a n t s  from e x p e r i m e n t a l  r e a c t i o n  
r a t e  me a s u r e me nt s .
For o n - l i n e  s t u d i e s ,  s e v e r a l  a p p r o a c he s  t o  s u b ­
o p t i m a l  or a p p r o x i ma t e  n o n l i n e a r  f i l t e r i n g  have been p r o p o s e d .  
These have been n e c e s s a r y  s i n c e  t r u l y  o p t i m a l  e s t i m a t i o n  i n  
t h e  n o n l i n e a r  c a s e  has been shown t o  be i n t r a c t a b l e  ( 1 0 7 ) .
An e x c e l l e n t  s u r v e y  o f  p r o g r e s s  i n  t he  a r e a  o f  l i n e a r  and 
n o n l i n e a r  f i l t e r i n g  has been g i v e n  i n t he  book by J a z w i n s k i  
(63) and t he most p r o m i s i n g  methods w i l l  be r e v i e w e d .
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A l o g i c a l  e x t e n s i o n  i s  t he  Ex t e nde d Kalman F i l t e r  
(EKF) which may be d e r i v e d  from t he  l i n e a r  Kalman f i l t e r  
by l i n e a r i s i n g  t he  s ys t e m e q u a t i o n s  about  a nominal  
t r a j e c t o r y  and s u b s e q u e n t l y  l i n e a r i s i n g  t he  measurement  
e q u a t i o n s  about  a nominal  s t a t e .  These l i n e a r i s a t i o n s  a r e  
c a r r i e d  out  by a T a y l 0r s e r i e s  e x p a n s i o n  t r u n c a t e d  a f t e r  
t he  f i r s t  o r d e r .
The t r u n c a t i o n  i s  a c a u s e  o f  i n a c c u r a c y ,  and t he  
a p p r o x i ma t i o n  may be e x t e n d e d  t o  t he second o r d e r ,  r e s u l t i n g  
i n  t he  second o r d e r  f i l t e r .  Many d i f f e r e n t  forms o f  t h e s e  
f i l t e r s  e x i s t ,  de pe ndi n g  upon whet her  t he  s e r i e s  i s  
t r u n c a t e d  or t h e  r e ma i n i n g  terms a p p r o x i ma t e d .  A 
p a r t i c u l a r l y  c o n v e n i e n t  fo.rm whi ch has been t e s t e d  i n  
s i m u l a t i o n  has been g i v e n  by A t h a n s , Wishner and B e r t o l i n i  
( 5 ) .  I t  has been c a l l e d  t he  M o d i f i e d  G a u s s i a n  Second  
Order F i l t e r  (MGSOF).
The v a l i d i t y  o f  t h e  l i n e a r i s a t i o n s  i s  a n o t h e r  
i mp o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t he  perf or manc e  o f  t he  
r e s u l t i n g  f i l t e r .  I f  t he  nominal  t r a j e c t o r y  and s t a t e  ar e  
n o t  c l o s e  t o  t he  t r u e  t r a j e c t o r y  t hen t he  s e r i e s  
e x p a n s i o n s  (whether  t o  f i r s t  or second o r de r )  woul d be 
poor a p p r o x i m a t i o n s .  S e v e r a l  a u t h o r s  have s o u g h t  t o  
a l l e v i a t e  t h i s  probl em by l o c a l  i t e r a t i o n  schemes,  whi c h  
improve t he  nomi nal  t r a j e c t o r y  and s t a t e  w h i l s t  r e t a i n i n g  
t h e  r e c u r s i v e  f i l t e r  s t r u c t u r e .  They are  a l l  s i m i l a r  to  
t he  EKF.
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Denham and P i n e s  (31)  have p r e s e n t e d  an a l g o r i t h m  
whi ch u s e s  t he  above t e c h n i q u e  t o  compensate f o r  c a s e s  
where t he  measurement f u n c t i o n  n o n l i n e a r i t y  i s  comparabl e  
t o  measurement e r r o r .  They have a l s o  s u g g e s t e d  t he  
a d d i t i o n  o f  a r t i f i c i a l  measurement n o i s e  when t he non-  
l i n e a r i t y  probl em i s  s e v e r e .  The approach o f  t h e s e  a u t h o r s  
has been c r i t i c i s e d  by Leung and Padmanabhan ( 84 ) ,  who 
have o f f e r e d  an a l t e r n a t i v e  whi ch has been t e s t e d  i n  
s i m u l a t i o n  and found t o  be u s e f u l  when t he  o t h e r  method  
g ave  poor r e s u l t s .  U n f o r t u n a t e l y  t h e  scheme i s  more complex  
and r e q u i r e s  more c o m p u t a t i o n ,  a l t h o u g h  c o n v e r g e n c e  may be 
a c h i e v e d  i n  f e we r  i t e r a t i o n s .  E x p e r i e n c e  w i t h  an i t e r a t e d  
f i l t e r  on a s i m u l a t e d  s y s t e m has been r e p o r t e d  by Janosko ( 60) .
The p r e c e d i n g  i t e r a t o r s  do no t  improve t he  nominal  
t r a j e c t o r y  about  whi c h t he  s t a t e  e q u a t i o n s  a r e  l i n e a r i s e d .  
However,  methods ar e  a v a i l a b l e  t o  i n c l u d e  t he  nominal  
t r a j e c t o r y  i n  an i t e r a t i o n  l o o p  by smoothi ng t h e  t r a j e c t o r y
b a c k  one measurement and s u b s e q u e n t l y  r e l i n e a r i s i n g  t he  
s t a t e  e q u a t i o n s .  Wi s hner ,  T a b a c z y n s k i  and At hans  ( 1 41 )  
and Leung and Padmanabhan (85) have b o t h  p r e s e n t e d  
a l g o r i t h m s  f o r  t h i s  p u r p o s e ,  e ach o f  which i n c l u d e s  
measurement f u n c t i o n  i t e r a t o r s  as w e l l .  T h i s  t y p e  o f  
a l g o r i t h m  has been d e s c r i b e d  as an I t e r a t e d  Ext e nde d F i l t e r  
Smoother ( I E F S ) .
S e v e r a l  a u t h o r s  have a t t e m p t e d  t o  c l a r i f y  t he  f i e l d  
o f  n o n l i n e a r  f i l t e r i n g  w i t h  s i m u l a t i o n  s t u d i e s  t o  p o i n t  
out  t he  r e l a t i v e  m e r i t s  o f  d i f f e r e n t  a p p r o a c h e s .  A
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f undament al  q u e s t i o n  i s  whe t he r  t he  added c o m p l e x i t y  o f  t he  
h i g h e r  o r d e r  n o n l i n e a r  f i l t e r s  i s  j u s t i f i e d  by improved  
r e s u l t s .  Sc hwa rt z  and S t e a r  (122)  have r e p o r t e d  
s i m u l a t i o n  o f  a v a r i e t y  o f  a ppr oxi mat e  f i l t e r s  but  t h e i r  
r e s u l t s  are i n c o n c l u s i v e .  The pe rf or mance  o f  a l l  f i l t e r s  
was s i m i l a r ,  so t h e  EKF would be recommended on t he  b a s i s  
o f  s i m p l i c i t y .
J a z w i n s k i  (63) s i m u l a t e d  a v a r i e t y  o f  f i l t e r s  and 
o b t a i n e d  s i m i l a r  pe rf or manc e  w i t h  b o t h  an i t e r a t e d  and a 
second o r d e r  f i l t e r .  The s e  were b o t h  s u p e r i o r  t o  t he  
EKF. Leung and Padmanabhan (85) showed t h a t  t h e i r  i t e r a t e d  
scheme was s u p e r i o r  t o  t he  EKF i n  a s i m u l a t i o n  s t u d y  o f  a 
CSTR, e s p e c i a l l y  when n o n l i n e a r i t i e s  were s e v e r e .  Wi s hner,  
Tabac^fnski  and At hans ( 1 4 1 )  compared t h r e e  n o n l i n e a r  f i l t e r s  
(EKF, MGSOF and IEFS) f o r  a s i m u l a t e d  r a d a r  t r a c k i n g  s y s t e m.  
They found t h a t  e s t i m a t i o n  improved w i t h  c o mp u t a t i o n  t i m e ,  
whi ch was l o n g e s t  f o r  t he  IEFS and s h o r t e s t  f o r  t he  EKF.
Few c o m p a r a t i v e  r e s u l t s  ar e  a v a i l a b l e  f o r  r e a l  
s y s t e m s .  In a r e c e n t  s t u d y ,  Campbel l  (19)  found t he  
i t e r a t e d  scheme pr o p o s e d  by Leung and Padmanabhan (85)  
t o  be s l i g h t l y  s u p e r i o r  t o  t h e  EKF f o r  t he  s t a t e  e s t i m a t i o n  
o f  a n o n l i n e a r  CSTR w i t h  l i n e a r  measurement model .  However  
t he  EKF had a much s h o r t e r  c o mp u t a t i o n  t i m e .
In v i e w  o f  t h e  c o m p l e x i t y  o f  t he  Kalman t y p e  
e s t i m a t i o n  schemes,  t h e  q u e s t i o n  o f  t he  e f f e c t i v e n e s s  o f  
t h e  Kalman f i l t e r  when compared w i t h  o t h e r  e s t i m a t i o n
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schemes a r i s e s .  K n e i l e  and Luecke (77)  compared t he  
pe rf ormance  o f  f o u r  f i l t e r s  -  t he  l i n e a r  a v e r a g i n g ,  f i r s t  
o r d e r  p o l y n o m i a l ,  e x p o n e n t i a l  and Kalman f i l t e r s .
Perf ormance was e v a l u a t e d  by Monte C a r l o  methods.
The a u t h o r s  c o n c l u d e d  t h a t  t h e  Kalman f i l t e r  c o u l d  a l wa y s  
p r o v i d e  a b e t t e r  e s t i m a t e  t han a c l a s s i c a l  f i l t e r ,  
e s p e c i a l l y  f o r  p r o c e s s e s  s u b j e c t  to l a r g e  r a p i d  c h a n g e s .
The Kalman f i l t e r  was t h e  o n l y  f i l t e r  c a p a b l e  o f  p r o d u c i n g  
p a r a me t e r  as w e l l  as s t a t e  e s t i m a t e s .  S a r i d i s  ( 1 1 7 )  
compared t he  a b i l i t y  o f  f i v e  p o p u l a r  i d e n t i f i c a t i o n  
a l g o r i t h m s  to i d e n t i f y  f o u r  p a r a me t e r s  i n  a s p e c i f i c  s y s t e m.  
The methods c o n s i d e r e d  were a m o d i f i e d  o n - l i n e  c r o s s  
c o r r e l a t i o n  a l g o r i t h m ,  f i r s t  and second o r d e r  s t o c h a s t i c  
a p p r o x i m a t i o n  a l g o r i t h m s ,  a m o d i f i e d  o n - l i n e  maximum 
l i k e l i h o o d  scheme and an EKF. The EKF gave  t h e  p o o r e s t  
pe r f or manc e  o f  t he  f i v e  a l g o r i t h m s  and r e q u i r e d  good 
i n i t i a l  e s t i m a t e s  o f  t he  p a r a m e t e r s .  He c o n c l u d e d  t h a t  
t h e  EKF would be most s u i t a b l e  when b o t h  s t a t e  and p a r a me t e r  
e s t i m a t i o n  are  r e q u i r e d .  Mol lenkamp,  Smith and C o r r i p i o  
(97) c o n s i d e r e d  t he  probl em o f  u s i n g  t he  Kalman F i l t e r  t o  
i d e n t i f y  p r o c e s s  p a r a me t e r s  when i n c l u d e d  w i t h i n  a f e e d b a c k  
c o n t r o l  l o o p .  S i m u l a t i o n  s t u d i e s  u s i n g  f i r s t  and second  
o r d e r  sy s t e ms  were c a r r i e d  o u t .  The main c o n c l u s i o n  was t h a t  
i f  unknown or unmeasured d i s t u r b a n c e s  were p r e s e n t  t he  
i d e n t i f i c a t i o n  was p o o r .
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There are  many pr obl ems which a r i s e  d u r i n g  the  
i mp l eme n t a t i o n  o f  t he  Kalman and r e l a t e d  f i l t e r s  on a 
d i g i t a l  comput er.  These f i l t e r s  are  b a s e d  on assumed  
models o f  t h e  r e a l  w o r l d .  S i n c e  t h e s e  models are  n e v e r  
e x a c t l y  c o r r e c t ,  t h e r e  i s  i n v a r i a b l y  a d e g r a d a t i o n  i n  
perf or manc e  i n  a r e a l  envi ronme nt  from t h a t  p r e d i c t e d  
t h e o r e t i c a l l y .  T h i s  d i s c r e p a n c y  i s  known as d i v e r g e n c e  and 
has been d i s c u s s e d  by F i t z g e r a l d  (36) . Remedies g i v i n g  
d i v e r g e n c e  c o n t r o l  ar e  f u r t h e r  t r e a t e d  by J a z w i n s k i  ( 6 3 ) ,  
some o f  whi ch i n v o l v e  m o d i f i c a t i o n  o f  t he  f i l t e r  s t r u c t u r e .
Any p r a c t i c a l  a p p l i c a t i o n  w i l l  be l i m i t e d  by  
computer memory s i z e  and c o m p u t a t i o n a l  s pe e d.  F o r t u n a t e l y ,  
Mendel (94) has s u p p l i e d  a d e s i g n  t o o l  whi ch may be used  
t o  p r e d i c t  c o m p u t a t i o n a l  r e q u i r e m e n t s  from probl em di me ns i ons  
and computer f u n c t i o n  t i m e s .  He has a l s o  c o n s i d e r e d  t he  
p r o c e s s i n g  o f  s t a t i s t i c a l l y  i n d e p e n d e n t  measurements i n  ways  
o t h e r  t han one b a t c h ,  an i d e a  p r e v i o u s l y  s u g g e s t e d  by  
Sorenson ( 1 3 1 ) ,  whi ch may l e a d  t o  i n c r e a s e d  e f f i c i e n c y ,  
a c c u r a c y  and d e c r e a s e d  s t o r a g e  r e q u i r e m e n t s .  Mendel has  
d e r i v e d  f or mul ae  f o r  t h e  o p t i m a l  p r o c e s s i n g  o f  a number o f  
su c h measurements.  S i n g e r  and Sea (130) have c o n f i r me d  t h a t  
s e q u e n t i a l  p r o c e s s i n g ,  as t h e  t e c h n i q u e  i s  known, i s  c a p a b l e  
o f  s a v i n g  20 -  50% o f  comput i ng t ime i n  c e r t a i n  a p p l i c a t i o n s .
Methods o f  r e d u c i n g  t h e  o r d e r  o f  t h e  f i l t e r  by  
p a r t i t i o n i n g  or by a g g r e g a t i o n  o f  s t a t e  v a r i a b l e s  have been
2 . 1 . 5 .  I m p l e m e n t a t i o n
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c o n s i d e r e d  by S t ub be r u d and Wismer ( 1 3 3 ) .  These are  
c a p a b l e  o f  r e d u c i n g  t he  c o m p u t a t i o n a l  burde n,  and exampl es  
have been p r e s e n t e d  by Samant and Sorenson ( 1 1 6 ) .
I f  measurements a r e  r e l a t i v e l y  a c c u r a t e  t he  
d i m e n s i o n a l i t y  o f  an augmented s ys t e m e s t i m a t i n g  b o t h  
s t a t e s  and p a r a me t e r s  may be s i g n i f i c a n t l y  r e d u c e d .  For  
such c a s e s ,  Frew and B a n k o f f  (38) have d e v e l o p e d  an 
a l g o r i t h m  c l o s e l y  r e l a t e d  t o  t he  Kalman f i l t e r  but  o f  a 
r e du c e d o r d e r .  Leung and Padmanabhan (85) have a l s o  
d i s c u s s e d  t h i s  s i m p l i f i c a t i o n ,  whi ch i s  c a p a b l e  o f  s a v i n g  
c o mp u t a t i o n  t i me and r e d u c i n g  s t o r a g e  r e q u i r e m e n t s .
Nume ri cal  c o m p u t a t i on  o f  i l l - c o n d i t i o n e d  q u a n t i t i e s  
u s i n g  t he f i n i t e  word l e n g t h  o f  t he  computer may l e a d  t o  
c o n s i d e r a b l e  e r r o r .  For e xa mpl e,  t he  e s t i m a t i o n  e r r o r  
c o v a r i a n c e  m a t r i x  may no l o n g e r  r e t a i n  a p o s i t i v e  s e mi -  
d e f i n i t e  n a t u r e  as c o m p u t a t i on  p r o c e e d s  -  a t h e o r e t i c a l  
i m p o s s i b i l i t y .
T h i s  d i f f i c u l t y  was f i r s t  overcome by a method due 
t o  P o t t e r  ( 6 ) who s u g g e s t e d  t he  p r o p a g a t i o n  o f  t he  
e s t i m a t i o n  e r r o r  c o v a r i a n c e  m a t r i x  i n  s q uar e  r o o t  form.  
Becaus e t h i s  appr oach was so s u c c e s s f u l ,  i t  was e x t e n d e d  by  
B e l l a n t o n i  and Dodge (9) t o  t h e  v e c t o r  measurement c a s e .  
E v e n t u a l l y  Andrews (2) showed t h a t  P o t t e r ' s  a l g o r i t h m  c o u l d  
be a p p l i e d  s e v e r a l  t i me s  t o  p r o c e s s  a measurement v e c t o r  
a f t e r  f i r s t  d i a g o n a l i s i n g  t he  measurement n o i s e  c o v a r i a n c e  
m a t r i x .  He a l s o  s u g g e s t e d  a new p r o c e d u r e .  Schmi dt  ( 1 21 )
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has d e r i v e d  a p r o c e d u r e  f o r  h a n d l i n g  p r o c e s s  n o i s e .
A l l  t h e s e  methods have been r e v i e w e d  by Kami nski ,  
Br ys on and Schmidt  ( 7 1 )  who have p r e s e n t e d  s u g g e s t e d  
i m p l e m e n t a t i o n s .  They found t h a t  t he  square r o o t  
f i l t e r i n g  methods c o u l d  y i e l d  r e s u l t s  comparabl e w i t h  t h o s e  
c a l c u l a t e d  by doub l e  p r e c i s i o n  a r i t h m e t i c  w i t h  o n l y  50% 
o f  t h e  c o m p u t a t i o n a l  burden.
As w e l l  as s q uar e  r o o t  methods,  Schmidt  ( 1 2 1 )  has  
d i s c u s s e d  o t h e r  means o f  i mprovi ng  e s t i m a t e  q u a l i t y .  For  
exa mpl e,  c a r e  t a k e n  w i t h  programming and model s i m p l i f i c a t i o n  
may g r e a t l y  r e du c e  e x e c u t i o n  t ime and s t o r a g e  r e q u i r e m e n t s .
As f o r  t he  b a s i c  f i l t e r  o p e r a t i o n s  t h e m s e l v e s ,  m a t r i x  
i n v e r s i o n  i s  a p a r t i c u l a r l y  t ime consuming and i n a c c u r a t e  
p r o c e s s  and We l l s  (136)  has p r o v i d e d  a method o f  a v o i d i n g  
i t  i n  t he  Kalman f i l t e r  e q u a t i o n s .
2 . 2 .  C o n t r o l  T h e o r y .
2 . 2 . 1 .  I n t r o d u c t i o n .
The most common t y p e s  o f  c o n t r o l  e n c o u n t e r e d  i n t he  
c h e m i c a l  i n d u s t r y  ar e  r e g u l a t o r y  c o n t r o l ,  whi ch i s  r e q u i r e d  
t o  h o l d  p r o c e s s e s  a t  d e s i r e d  o p e r a t i n g  c o n d i t i o n s  i n s p i t e  o f  
d i s t u r b a n c e s ,  and c e r t a i n  forms o f  t ime o p t i m a l  or t r a j e c t o r y  
f o l l o w i n g  c o n t r o l ,  whi ch may be r e q u i r e d  a t  s t a r t - u p ,  s h u t ­
down or f o r  t he  o p t i m a l  t r a n s f e r e n c e  o f  a p r o c e s s  from one 
r e g u l a t o r y  c o n d i t i o n  t o  a n o t h e r .
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In r e c e n t  y e a r s  c o n t r o l  t h e o r y  has d e v e l o p e d  t o
such an e x t e n t  t h a t  o f t e n  t he  means f o r  i t s  i mp l eme n t a t i o n  
are u n a v a i l a b l e .  An e x t e n s i v e  l i t e r a t u r e  e x i s t s  and t he  
t h e o r y  f a l l s  n a t u r a l l y  i n t o  two c l a s s e s  -  d e t e r m i n i s t i c  and 
s t o c h a s t i c .
a l r e a d y  been d i s c u s s e d  b u t  i s  e x e m p l i f i e d  by t h e  e x p e r i e n c e  
o f  Gi bson e t  a l . ( 4 3 ) ,  who have made an e x t e n s i v e  
i n v e s t i g a t i o n  o f  many common pe rf ormance  c r i t e r i a  f o r  SISO 
p l a n t s .  T y p i c a l  e l e c t r i c a l  e n g i n e e r i n g  c o n t r o l  probl ems  
were i n v e s t i g a t e d  and t he  i n d i c e s  o f  pe rf or mance  s t u d i e d  
were b a s e d  on i n t e g r a t e d  e r r o r  f u n c t i o n s  bet wee n a c t u a l  and 
d e s i r e d  s t a t e s .  U n f o r t u n a t e l y ,  i t  was found t h a t  no s i n g l e  
i n d e x  c o u l d  be u s e d  t o  s p e c i f y  t he  q u a l i t y  o f  c o n t r o l .
For c h e m i c a l  p r o c e s s e s ,  t he  s e l e c t i o n  o f  a pe rf or mance
c r i t e r i o n  may be e x p e c t e d  t o  be somewhat e a s i e r ,  s i n c e  on an 
i n d u s t r i a l  s c a l e  m a x i m i s a t i o n  o f  p r o f i t  i s  a l mos t  a l way s  
r e q u i r e d .  However,  t he  c o m p l e x i t y  o f  such an i n d e x  has l e d  
t o  t he  compromise o f  s e l e c t i n g  i n d i c e s  which ar e  more 
t r a c t a b l e .  Pe r haps  t he  commonest g e n e r a l  c r i t e r i a  a r e :
(a) a q u a d r a t i c  e r r o r  i n d e x ,  I P ,  o f  t he  f o r m : -
The probl em o f  d e f i n i n g  t h e  word ’ o p t i m a l *  has
IP ( 2 . 2 )
where X  ^ i s  t he d e v i a t i o n  bet ween a c t u a l  and d e s i r e d  s t a t e s  
a t  t ime t ^ ,
IT i s  t he d e v i a t i o n  bet ween a c t u a l  c o n t r o l  and c o n t r o l  
c o r r e s p o n d i n g  t o  t he  d e s i r e d  s t a t e  a t  t i me t^f 
C i ,  C2 , C 3 a r e  w e i g h t i n g  m a t r i c e s  and N i s  t he  number 
o f  c o n t r o l  i n t e r v a l s .
(b) a minimum t i me i n d e x  o f  p e r f o r ma n c e ,  I P ,  d e f i n e d  as  
t h e  t ime t a k e n  f o r  t he  p l a n t  t o  a t t a i n  a d e s i r e d  s t a t e .
2 . 2 . 2 .  D e t e r m i n i s t i c  C o n t r o l .
Once t h e  IP has been s p e c i f i e d  t he  o p t i m a l  
d e t e r m i n i s t i c  c o n t r o l  probl em i s  s o l v e d  by f i n d i n g s  t h a t  
c o n t r o l  p o l i c y  whi c h e x t r e m i s e s  t he  I P.  S o l u t i o n s  t o  
c a s e s  i n v o l v i n g  b o t h  l i n e a r  and n o n l i n e a r  p l a n t s  may be 
s o l v e d  o f f - l i n e  by a wide v a r i e t y  o f  methods.  These  
methods have been s u r v e y e d  by Lapi dus  and Luus ( 8 2 ) ,  Sage  
( 1 1 5 )  and Dou gl as  (32) amongst  o t h e r s .  However an on­
l i n e  s o l u t i o n ,  e s p e c i a l l y  i n  t he  n o n l i n e a r  c a s e ,  i s  no t  
s t r a i g h t f o r w a r d  as comput i ng t i me i s  u s u a l l y  l i m i t e d .  
F ur t h e r mo r e ,  a n y  p r a c t i c a l  a p p l i c a t i o n  w i l l  have t o  
c o n s i d e r  c o n s t r a i n t s  on t he  c o n t r o l  v a r i a b l e s .
S e v e r a l  authors have t h e r e f o r e  c o n s i d e r e d  a p p r o x i m a t i o n s  
(known as s u b o p t i m a l  c o n t r o l ) , to the o p t i m a l  c o n t r o l  
probl em.  For a q u a d r a t i c  I P,  Pe ar son ( 1 1 0)  has  
a d v o c a t e d  t he c o n s t r u c t i o n  o f  a l i n e a r  t i me and s t a t e  
v a r y i n g  model from t he  o r i g i n a l  n o n l i n e a r  e q u a t i o n s .  The 
t a s k  o f  o b t a i n i n g  a s o l u t i o n  i s  t h e r e b y  g r e a t l y  s i m p l i f i e d  
b e c a u s e  o f  t he  r e l a t i v e  e a s e  o f  d e t e r m i n i n g  o p t i m a l  c o n t r o l s
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G r e t h l e i n  and L a pi dus  (49) have pr opos e d t h a t  a 
q u a d r a t i c  IP be i n s t a n t a n e o u s l y  r a t h e r  t han r i g o r o u s l y  
e x t r e m i s e d .  They p r e s e n t e d  an i l l u s t r a t i v e  example u s i n g  
a s c a l a r  c o n t r o l .  The IP was c a l c u l a t e d  o v e r  one c o n t r o l  
i n t e r v a l  f o r  3 c o n t r o l s  -  maximum, minimum and i n t e r ­
m e d i a t e .  A se cond o r d e r  p o l y n o m i a l  was s u b s e q u e n t l y  
f i t t e d  t o  t he  d a t a ,  when n e c e s s a r y ,  i n o r de r  t o  f i n d  t he  
c o n t r o l  which i n s t a n t a n e o u s l y  mi ni mi sed t he  I P.  The 
scheme has t he  a d v a n t a g e  t h a t  c o n t r o l  c o n s t r a i n t s  are  
a u t o m a t i c a l l y  i n c o r p o r a t e d .
P a r a d i s  and P e r l m u t t e r  (109) have d e mons t r a t e d  
t h e  i n s t a n t a n e o u s  m i n i m i s a t i o n  o f  a q u a d r a t i c  IP by  
c h o o s i n g  t he  c o n t r o l s  t h a t  r e duce d ± 1^ ' t o  z er o  as r a p i d l y  
as p o s s i b l e .  They have shown t h a t  i f  a s y s t e m i s  l i n e a r  
w i t h  r e s p e c t  t o  t h e  c hos e n c o n t r o l  v a r i a b l e s  t hen t he  
o p t i m a l  c o n t r o l  e x i s t s  o n l y  a t  t he  c o n t r o l  b o u n d a r i e s ,  
s i n g u l a r  c o n t r o l s  n o t  b e i n g  a p r a c t i c a l  c o n c e r n .  T h e i r  
method gave  s i m i l a r  r e s u l t s  t o  b ot h t he  G r e t h l e i n - L a p i d u s  
method and a t r u l y  o p t i m a l  s o l u t i o n  f o r  an example probl em  
i n v o l v i n g  s i m u l a t e d  c o n t r o l  o f  a CSTR. However i t  may 
s u f f e r  from o v e r s h o o t  i f  t h e  c o n t r o l  i n t e r v a l  i s  no t  
s u f f i c i e n t l y  s m a l l .
A s i mp l e  a l g o r i t h m  f o r  t h e  t ime o p t i m a l  c o n t r o l  o f  
c h e m i c a l  p r o c e s s e s  whi ch may be d e s c r i b e d  by second o r d e r  
p l u s  dead t ime model s  has been pr opos ed by Be ar d,  Groves
f o r  l i n e a r  s y s t e m s .
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and Johnson ( 7 ) .  T h e i r  c o n t r o l l e r  i s  r e p o r t e d  t o  be 
e a s y  t o  t une and r e l a t i v e l y  i n s e n s i t i v e  t o  changes  i n  
p r o c e s s  dy na mi c s .  I t  has been i mpl emented on b ot h  
a n a l o g  and d i g i t a l  comput ers  c o n t r o l l i n g  s i m u l a t e d  
s y s t e m s .  The t ime o p t i m a l  c o n t r o l  o f  a j a c k e t e d  CSTR 
has been t h o r o u g h l y  i n v e s t i g a t e d  by J a v i n s k y  ( 6 1 ) .  He 
c o n s i d e r e d  two s t a t e  v a r i a b l e s  ( t e mp e r a t u r e  and 
c o n c e n t r a t i o n  w i t h i n  t h e  r e a c t o r )  , and implemented  
c o n t r o l  by o n / o f f  s w i t c h i n g  o f  t he  c o o l i n g  w a t e r  s u p p l y  
t o  t he  j a c k e t .  The scheme was b a s e d on r i g o r o u s  o f f - l i n e  
o p t i m i s a t i o n  u s i n g  t he  Maximum(or Minimum) P r i n c i p l e  
(33) and t he  p r e c o m p u t a t i o n  o f  s w i t c h i n g  c u r v e s .
2 . 2 . 3 .  S t o c h a s t i c  C o n t r o l .
The s t o c h a s t i c  c o n t r o l  pr o bl em,  i n  whi c h t he  
p r o c e s s  t o  be c o n t r o l l e d  i s  assumed t o  be s u b j e c t  t o  some 
d e g r e e  o f  u n c e r t a i n t y ,  i s  more r e a l i s t i c  b u t  more d i f f i c u l t  
' t o  s o l v e  t han i t s  d e t e r m i n i s t i c  c o u n t e r p a r t .  However t he  
S e p a r a t i o n  Theorem ( 6 6 ) s t a t e s  t h a t  f o r  l i n e a r  s y s t e ms  
w i t h  q u a d r a t i c  I P ’ s ,  which are  s u b j e c t  t o  a d d i t i v e  w h i t e  
Ga u s s i a n  n o i s e  i n p u t s ,  t he  o p t i m a l  s t o c h a s t i c  c o n t r o l l e r  
may be r e a l i s e d  by c a s c a d i n g  an o p t i m a l  e s t i m a t o r  w i t h  
an o p t i m a l  d e t e r m i n i s t i c  c o n t r o l l e r .  The S e p a r a t i o n  
Theorem i s  n o t  s t r i c t l y  v a l i d  f o r  n o n l i n e a r  sy s t e ms  b u t  
i f  i t  i s  n e v e r t h e l e s s  a p p l i e d  t h e  r e s u l t s  may be a c c e p t a b l e .  
I f  s u b o p t i ma l  c o n t r o l l e r s  were t o  be use d t he n s y s t e m  
per f o r manc e  c o u l d  o n l y  a ppr oach o p t i m a l i t y  anyway and many 
a u t h o r s  have u s e d  t he  S e p a r a t i o n  Theorem as a r e a s o n a b l e  
p r a c t i c a l  a p p r o x i m a t i o n .
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Mendel (93) has c a u t i o n e d  a g a i n s t  d e s i g n i n g  
e s t i m a t o r  and c o n t r o l l e r  c o m p l e t e l y  s e p a r a t e l y .  He 
p o i n t e d  out  t h a t  u n s a t i s f a c t o r y  r e s u l t s  may sometimes  
o c c u r  i f  t h i s  i s  done b e c a u s e  s t a t e  e s t i m a t i o n  e r r o r  
a c t s  as an a d d i t i o n a l  d i s t u r b a n c e  t o  t he c o n t r o l l e r .
T h i s  d i s t u r b a n c e  r e q u i r e s  c o n s i d e r a t i o n  i n  c o n t r o l l e r  
d e s i g n .  At hans (4) a l s o  emphasi s ed t h i s  p o i n t  i n  a 
t hor ou g h pa pe r  d e a l i n g  w i t h  t he  ' L i n e a r - Q u a d r a t i c -  
G a u s s i a n '  (LQG) d e s i g n  p h i l o s o p h y .  Thi s  i s  s i m i l a r  t o  
P e a r s o n ' s  ( 1 1 0)  method e x c e p t  t h a t  i t  i n c l u d e s  a s t a t e  
e s t i m a t o r  i n t he  c o n t r o l  l o o p .  An e x t e n s i v e  
b i b l i o g r a p h y  on t he  LQG p h i l o s o p h y  has been p r e p a r e d  by  
Mendel and G i e s e k i n g  ( 9 5 ) .
In t he  f i e l d  o f  c h e m i c a l  e n g i n e e r i n g ,  S e i n f e l d ,  
G a v a l a s  and Hwang (125)  have c o n s i d e r e d  t h e  c o n t r o l  o f  
n o n l i n e a r  s t o c h a s t i c  s y s t e ms  and improved t h e  pe r f o r manc e  
o f  a s i m u l a t e d  CSTR by p l a c i n g  a n o n l i n e a r  f i l t e r  i n  t he  
c o n t r o l  l o o p .  The s u b o p t i m a l  approach o f  P a r a d i s  and 
P e r l m u t t e r  (109) has been u t i l i s e d  i n a s t o c h a s t i c  
envi ronme nt  by S e i n f e l d  (124)  , who d e mo ns t r a t e d  t h a t  a 
Kalman F i l t e r  c a s c a d e d  w i t h  a c o n t r o l l e r  whi c h was 
i n s t a n t a n e o u s l y  m i n i m i s i n g  an IP based on c u r r e n t  s t a t e  
e s t i m a t e s  c o u l d  be e f f e c t i v e l y  a p p l i e d  t o  a s i m u l a t e d  CSTR.
2 . 2 . 4 .  A d a p t i v e  C o n t r o l .
The p r e c e d i n g  d i s c u s s i o n  has t a c i t l y  assumed t h a t  
n e i t h e r  a s y s t e m ' s  p a r a me t e r s  nor i t s  envi ronme nt  change
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a p p r e c i a b l y  w i t h  t i m e .  For many c h e mi c a l  p r o c e s s e s  i t  i s  
known t h a t  t h i s  s t a t e  o f  a f f a i r s  does n o t  p r e v a i l .
C a t a l y s t s  age and d e c a y ,  h e a t  e x c h a n g e r s  and e v a p o r a t o r s  
are s u b j e c t  t o  f o u l i n g ,  f e e d s t o c k  c o m p o s i t i o n s  v a r y  and 
ambient  changes o c c u r .  I f  model p a r a me t e r s  had been  
d e t e r mi ne d  by an o f f - l i n e  method t hen t h e y  may become 
i n v a l i d .  The f e e d b a c k  n a t u r e  o f  many c o n t r o l l e r s
h e l p s  t o  compensate f o r  v a r i a t i o n  but  i f  n e c e s s a r y  a d a p t i v e  
c o n t r o l  c o u l d  be i mpl emented.
A d a p t i v e  c o n t r o l  has been e x p l a i n e d  c l e a r l y  i n  a 
s e r i e s  o f  p a p e r s  by Gi bs on ( 4 0 ) ,  ( 4 1 ) ,  (42) and i n  t he  book  
by E v e l e i g h  ( 3 4 ) .  B r i e f l y ,  i t  i s  a t e c h n i q u e  whereby a 
s y s t e m mo n i t or s  i t s  own p e rf or ma nc e  and a t t e m p t s  t o  make 
improvements.  C o n c e p t u a l l y ,  t h i s  i s  c l o s e l y  r e l a t e d  t o  t he  
p r o g r e s s  t h a t  a human o p e r a t o r  may make as e x p e r i e n c e  i s  
g a i n e d  i n  c o n t r o l l i n g  a p a r t i c u l a r  p r o c e s s . N For e xampl e,  
d r i v i n g  a c a r  i n d r y  or wet  we a t h e r  r e q u i r e s  d i f f e r e n t  modes 
o f  s t e e r i n g  and b r a k i n g .  There  i s  no r e a s o n  why many o f  t he  
c o n t r o l l e r s  p r e v i o u s l y  d i s c u s s e d  s h ou l d  n o t  work a d a p t i v e l y ,  
by means o f  u p d a t e d  mode l s .
S t o c h a s t i c  c o n t r o l l e r s  are p a r t i c u l a r l y  s u i t a b l e  f o r  
m o d i f i c a t i o n  t o  a d a p t i v e  form,  b e c a u s e  t he  s t a t e  e s t i m a t o r  
may be e a s i l y  augmented t o  i n c l u d e  p a r a me t e r  e s t i m a t i o n .
The u pda t e d p a r a me t e r s  c o u l d  be p a s s e d  t o  t he  c o n t r o l l e r  f o r  
use i n  t he  model .
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T h i s  i s  by no means t h e  o n l y  t y p e  o f  a d a p t i v e  
scheme.. The f e a s i b i l i t y  o f  a d a p t i v e  c o n t r o l  o f  
c h e m i c a l  p r o c e s s e s  has a l r e a d y  been de mon s t r a t e d  by  
C r a n d a l l  and S t e v e n s  (28) . T h e i r  c o n t r o l  scheme was no t  
o p t i m a l  b u t  r e s u l t s  were s u p e r i o r  t o  t h o s e  o b t a i n e d  from 
a p r o p o r t i o n a l  c o n t r o l l e r .
I t  i s  r e l e v a n t  a t  t h i s  p o i n t  t o  n o t e  . t h a t  a 
s e n s i t i v i t y  a n a l y s i s  c o n d u c t e d  on a p a r t i c u l a r  c o n t r o l  
pr obl em w i l l  g e n e r a l l y  be d e s i r a b l e .  ' I t  w i l l  g i v e  g r e a t e r  
i n s i g h t  i n t o  t he  probl em and i n d i c a t e  whe t he r  methods such  
as a d a p t i v e  c o n t r o l  w i l l  be n e c e s s a r y .  A s u r v e y  o f  
s u i t a b l e  methods has been g i v e n  by K o k o t o v i c  and Rutman 
( 7 8 ) .
2 . 3 .  S i m u l a t e d  and P r a c t i c a l  A p p l i c a t i o n s .
Some a p p l i c a t i o n s  o f  e s t i m a t i o n  and c o n t r o l  
t e c h n i q u e s  have been me nt i o ne d a l r e a d y .  However,  i t  i s  
o f  i n t e r e s t  t o  d i s c u s s  t h e  e x p e r i e n c e  o f  a d d i t i o n a l  a u t h o r s ,  
e s p e c i a l l y  t h o s e  who have r e p o r t e d  work on r e a l  s y s t e ms  
r e l e v a n t  t o  t he  p r o c e s s  i n d u s t r i e s .  S i m u l a t i o n  s t u d i e s  
outnumber p r a c t i c a l  work and b o t h  are r e v i e w e d  i n  
c h r o n o l o g i c a l  o r d e r .
2 . 3 . 1 .  S i m u l a t i o n  S t u d i e s .
We l l s  and Lars on (139)  have i l l u s t r a t e d  t he  us e  o f  
combined o p t i m a l  c o n t r o l  and e s t i m a t i o n  t h e o r y  t o s e r i a l
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s y s t e ms  w i t h  t i me d e l a y s ,  such as a bank o f  CSTR’ s .  They  
p o i n t e d  out  t h a t  one a d v a n t a g e  o f  a s t a t e  e s t i m a t o r  i s  t he  
c o mp u t a t i on o f  c e r t a i n  s t a t e s  whi ch may o t h e r w i s e  be 
d i f f i c u l t  or e x p e n s i v e  t o  measure.  C o n t r o l  and s t a t e  
c o n s t r a i n t s  were h a n d l ed  by an IP p e n a l t y .  F u r t h e r  
i n f o r m a t i o n  i s  c o n t a i n e d  i n  t he  paper  by Lar s on and We l l s  
( 8 3 ) .
G a v a l a s  and S e i n f e l d  (39) have c o n s i d e r e d  t he  
s e q u e n t i a l  e s t i m a t i o n  o f  s t a t e s  and k i n e t i c  pa r a me t e r s  i n  
t u b u l a r  r e a c t o r s  w i t h  c a t a l y s t  d e c a y .  They s u c c e e d e d  i n  
c h a n g i n g  a complex s y s t e m d e s c r i b e d  by p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  i n t o  one i n v o l v i n g  o n l y  o r d i n a r y  d i f f e r e n t i a l  
e q u a t i o n s .  They found t h a t  t he  p a r a me t e r s  g o v e r n i n g  t he  
c a t a l y s t  d e c a y  c o u l d  i n most  c a s e s  be a d e q u a t e l y  e s t i m a t e d  
and thus a d a p t i v e  c o n t r o l  woul d be f e a s i b l e .
A d e t a i l e d  d e s c r i p t i o n  o f  t he  r e c u r s i v e  Kalman 
e s t i m a t o r ,  as a p p l i e d  t o  two c h e m i c a l  e n g i n e e r i n g  s y s t e m s ,  
has been g i v e n  by Coggan and Noton ( 2 2 ) .  They c o n s i d e r e d  
b o t h  a m i l d l y  n o n l i n e a r  b l e n d i n g  s y s t e m and a s t r o n g l y  
n o n l i n e a r  f u r n a c e ,  i n c l u d i n g  t r a n s p o r t  l a g s  and o t h e r  
m a t h e m a t i c a l l y  awkward f e a t u r e s .  Both s t a t e  and par ame t e r  
e s t i m a t i o n  were a t t e m p t e d ,  w i t h  s y s t e m o r d e r s  as h i g h  as  
e i g h t e e n .  The e s t i m a t o r  was s t a b l e  i n  a l l  c a s e s ,  a l t h o u g h  
some unmeasurabl e p a r a me t e r s  were b i a s e d .  B i a s  was 
s i g n i f i c a n t l y  r e du c e d by e x t r a  measurements.  The c h i e f  
drawback o f  t he  f i l t e r  was c o n c l u d e d  t o  be t h a t  c o mp u t a t i o n  
t i me may be e x c e s s i v e  f o r  s y s t e m o r d e r s  much g r e a t e r  than
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t w e n t y .  In such c a s e s ,  i t  was s u g g e s t e d  t h a t  a p p r o x i m a t i o n s  
be made t o  r educ e  c omp u t a t i on  t i me a t  t he e xpe ns e  o f  a c c u r a c y .
Coggan and Wi l s on (23) have shown t h a t  o n - l i n e  s t a t e  
e s t i m a t i o n  i s  a v i a b l e  p r o p o s i t i o n ,  even w i t h  a s m a l l  comput er.  
A 4K machine w i t h  m a g n e t i c  t a p e  b a c k i n g  s t o r e  was found t o  be 
c a p a b l e  o f  e s t i m a t i n g  up t o  n i n e  s t a t e s  i n  a s i m u l a t e d  
i s o t h e r m a l  gas  a b s o r p t i o n  column. An i n t e r e s t i n g  graph o f  
c o mp u t a t i on  t ime v e r s u s  s t a t e  v e c t o r  di me ns i on was p r e s e n t e d .
In a s u b s e q u e n t  p a p e r  (24) t he  a u t h o r s  i n t r o d u c e d  a new 
approach t o model r e d u c t i o n  and a method f o r  d e t e c t i n g  and 
e l i m i n a t i n g  b i a s  i n  e s t i m a t e s .  Four s y s t e ms  were s i m u l a t e d ,  
i n c l u d i n g  a c o u n t e r - c u r r e n t  h e a t  e x c h a n g e r  and an i s o t h e r m a l  
gas a b s o r p t i o n  column.  R e s u l t s  showed t h a t  a c c u r a t e  
pa r a me t e r  e s t i m a t i o n  was p o s s i b l e  w i t h  r e du c e d o r d e r  mo d e l s ,  
b u t  t he  a u t h o r s  p o i n t e d  out  t h a t  s i m u l t a n e o u s  b i a s  e l i m i n a t i o n  
and pa r a me t e r  e s t i m a t i o n  were g e n e r a l l y  n o t  f e a s i b l e .
W e l l s  ( 1 37 )  has a p p l i e d  t he  Ext e nde d Kalman F i l t e r  
(EKF) t o  s i m u l a t e d  o b s e r v a t i o n s  from a t y p i c a l  b a s i c  oxygen  
f u r n a c e .  The m a t h e m a t i c a l  model d e s c r i b i n g  t h i s  s y s t e m had  
t w e n t y - f o u r  d i f f e r e n t i a l  e q u a t i o n s  and We l l s  c hose  a 
s i g n i f i c a n t l y  r e du c e d f o u r t h  o r d e r  model f o r  t he  f i l t e r  
Onl y  one o b s e r v a b l e  s e n s o r  was used and t h i s  p r o v i d e d  
i n s u f f i c i e n t  i n f o r m a t i o n  f o r  t r a c k i n g  t he  s t a t e s  o f  t h e  s y s t e m .  
A d d i t i o n a l  s e n s o r s  were r e q u i r e d  f o r  s a t i s f a c t o r y  r e s u l t s .
W e l l s  (138)  a l s o  c o n s i d e r e d  t he  e s t i m a t i o n  o f  f o u r  
s t a t e s  and up t o  two p a r a m e t e r s  i n  a s i m u l a t e d  n o n l i n e a r  
CSTR. An EKF was a p p l i e d  and e x c e l l e n t  r e s u l t s  were o b t a i n e d ,
whi ch c l e a r l y  i n d i c a t e d  f e a s i b i l i t y .  The p o s s i b i l i t y  o f  
t u n i n g  f i l t e r  r e s p o n s e  by s p e c i f i c a t i o n  o f  p r o c e s s  and 
measurement n o i s e  c o v a r i a n c e  m a t r i c e s  was me nt i one d.
Goldmann and S a r g e n t  (45) have examined t he  
e s t i m a t i o n  and c o n t r o l  o f  a b i n a r y  d i s t i l l a t i o n  column  
and a f i x e d  bed c a t a l y t i c  r e a c t o r .  They t r i e d  v a r i o u s  
d i v e r g e n c e  c ompe ns a t i on t e c h n i q u e s ,  i n c l u d i n g  e x p o n e n t i a l  
d a t a  w e i g h t i n g  and gr owi ng  and o s c i l l a t i n g  memory f i l t e r s  ( 4 4 ) .  
I n v e s t i g a t i o n s  were c a r r i e d  o ut  i n t o  t he  e f f e c t s  o f  s e v e r a l  
f i l t e r  p a r a me t e r s  -  i n i t i a l  e s t i m a t i o n  e r r o r ,  i n i t i a l  
e s t i m a t i o n  e r r o r  c o v a r i a n c e  and measurement n o i s e  c o v a r i a n c e .  Non­
normal  measurement n o i s e  was added w i t h  l i t t l e  e f f e c t  on t he  
q u a l i t y  o f  t he  e s t i m a t e s .  An i mp o r t a n t  c o n c l u s i o n  r e a c h e d  
was t h a t  a c c u r a t e  e s t i m a t e s  may be o b t a i n e d  w i t h  a c o m b i n a t i o n  
o f  a s i mp l e  model used t o  d e s c r i b e  dynamic b e h a v i o u r  and 
more d e t a i l e d  c h e m i c a l  e n g i n e e r i n g  i n f o r m a t i o n  u t i l i s e d  i n  a 
s t e a d y  s t a t e  model r e l a t i n g  t h e  s t a t e  v e c t o r  t o  t he  o b s e r v a t i o n s .
A s t u d y  o f  t he  d e s i g n  o f  an o n - l i n e  c o n t r o l  scheme  
f o r  a t u b u l a r  c a t a l y t i c  r e a c t o r  has been p r e s e n t e d  by J o f f e  
and S a r g e n t  (64) . The model s  used f o r  t he  s i m u l a t i o n s  
were a p p l i c a b l e  t o  an a c t u a l  i n d u s t r i a l  s y s t e m and a p r o f i t  
f u n c t i o n a l  was t o  be o p t i m i s e d .  A l t h o u g h  t he  p r o c e s s  was 
n o n l i n e a r ,  t he  S e p a r a t i o n  Theorem was a p p l i e d  t o  d i v i d e  t he  ' 
probl em i n t o  a d e t e r m i n i s t i c  c o n t r o l  and a s t a t e  e s t i m a t i o n  
probl em.  The f ormer was s o l v e d  by a p p l i c a t i o n  o f  t he  
Maximum P r i n c i p l e  and t h e  l a t t e r  by a p p l i c a t i o n  o f  an EKF.
The combined e s t i m a t o r  and c o n t r o l l e r  y i e l d e d  a p r o f i t
f u n c t i o n  v a l u e  w i t h i n  0 . 1 1  o f  t he  o p t i m a l  v a l u e  i n  t he  
a b s e n c e  o f  random d i s t u r b a n c e s .  Problems were e n c o u n t e r e d  
when i t  was a t t e m p t e d  t o  i d e n t i f y  t he  d e c a y  a c t i v a t i o n  
e n e r g y .  These  were a s c r i b e d  t o  t he  ext reme s e n s i t i v i t y  o f  
A r r h e n i u s - l i k e  terms t o  t h e i r  a c t i v a t i o n  e n e r g i e s .
In t he  f i e l d  o f  n u c l e a r  e n e r g y ,  S hi noh ar a and 
Oguma (128) have r e l a t e d  t h e i r  e x p e r i e n c e s  i n  t he  
e s t i m a t i o n  o f  dynamic r e a c t i v i t y ,  which i s  n e c e s s a r y  f o r  
o p t i m a l  r e a c t o r  c o n t r o l .  T h e i r  f i l t e r s ,  whi ch had a f i x e d  
Kalman g a i n ,  s u c c e s s f u l l y  e s t i m a t e d  t he  d e s i r e d  p a r a m e t e r ,  
even under an e x t r e m e l y  n o i s y  measurement c o n d i t i o n .  T h e i r  
work was c a r r i e d  o ut  on an a n a l o g  comput er.
V a k i l ,  M i c h e l s e n  and Foss  (134)  have employed  
t he  LQG t e c h n i q u e  w i t h  t he  a i d  o f  an EKF t o  a f i x e d  bed  
r e a c t o r  c o n t r o l  pr obl em.  T h e i r  o p i n i o n  was t h a t  i t  
c o n s t i t u t e d  a r e ma r k a bl y  e f f e c t i v e  t e c h n i q u e  f o r  t h e  d e s i g n  
and a s s e s s me n t  o f  r e a c t o r  c o n t r o l  s y s t e m s .
2 . 3 . 2 .  P r a c t i c a l  A p p l i c a t i o n s .
A l t h o u g h  t he  l i t e r a t u r e  on r e a l  a p p l i c a t i o n s  o f  
t he  f o r e g o i n g  methods i s  no t  e x t e n s i v e ,  i t  i s  o f  g r e a t  
i mp o r t a n c e .  S i m u l a t i o n  s t u d i e s ,  a l t h o u g h  p l a y i n g  a v i t a l  r 6  
are  a t  a d i s a d v a n t a g e  b e c a u s e  t h e y  are  no t  a b l e  t o  c o n f i r m  
t h e o r e t i c a l  a s s u m p t i o n s .
An a p p l i c a t i o n  o f  a  s u b o p t i m a l  c o n t r o l  t e c h n i q u e
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s i m i l a r  t o  t h a t  o f  P a r a d i s  and P e r l m u t t e r ,  t o  a p i l o t  s c a l e  
r e c t i f y i n g  column s e p a r a t i n g  e t h y l e n e  g l y c o l  m o n o e t h y l e t h e r  
and w a t e r  has been u n d e r t a k e n  by B r o s i l o w  and Handl ey ( 1 8 ) ,  
They i n d i c a t e d  t h a t  good c o n t r o l  c o u l d  be a c h i e v e d  d e s p i t e  
l a r g e  changes  i n  t h e  f e e d  f l o w r a t e  or c o n t r o l l e r  s e t  p o i n t .
Noton and C h o q u e t t e  (105)  have d e s c r i b e d  work c a r r i e d  
out  on a r e a c t i o n  v e s s e l .  They i l l u s t r a t e d  s y s t e m  
i d e n t i f i c a t i o n  under d i f f i c u l t  c o n d i t i o n s  when s e v e r e  
unmeasured d i s t u r b a n c e s  were p r e s e n t  and o n l y  raw o p e r a t i n g  
d a t a  were a v a i l a b l e .  O f f - l i n e  pa r ame t e r  e s t i m a t i o n  and on­
l i n e  s t a t e  e s t i m a t i o n  t e c h n i q u e s  were u s e d b u t ,  as t h e  a u t h o r s  
have p o i n t e d  o u t ,  t he  o n - l i n e  s t a t e  e s t i m a t o r  c o u l d  q u i t e  
n a t u r a l l y  have i n c l u d e d  p a r a me t e r  u p d a t i n g ,  t h u s  r e a l i s i n g  
a d a p t i v e  c o n t r o l .
J a v i n s k y  and K a d l e c  (62) have s t u d i e d  t he  t i me o p t i m a l  
c o n t r o l  o f  a n o n i s o t h e r m a l  CSTR on a l a b o r a t o r y  s c a l e .
T h e i r  o n - o f f  c o n t r o l  scheme gave  good agreement  bet ween t h e o r y  
and e x p e r i m e n t .
A p a p e r - ma k i n g  p r o c e s s  was t h e  s u b j e c t  o f  r e s u l t s  
p r e s e n t e d  by S a s t r y ,  V e t t e r  and C a s t o n  ( 1 1 9 ) .  They compared  
s e v e r a l  i d e n t i f i c a t i o n  methods -  n o n l i n e a r  r e g r e s s i o n ,  
i t e r a t i v e  r e g r e s s i o n  and Kalman f i l t e r i n g .  They ment i oned  
t h e  s p e c i a l  c a s e  o f  e x a c t  measurements and t h e  s u b s e q u e n t  
r e d u c t i o n  o f  o r d e r  t h a t  may o c c u r .  S i x  p a r a m e t e r s  were  
i d e n t i f i e d  and t he  b e s t  r e s u l t s  were o b t a i n e d  from t he Kalman 
f i l t e r i n g  and i t e r a t i v e  r e g r e s s i o n  methods.  The a u t h o r s  
commented on t he  r e l a t i v e  c o m p u t a t i o n a l  burden o f  e ach method.
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S a s t r y  and V e t t e r  ( 1 1 8)  have p r o v i d e d  a d d i t i o n a l  
i n f o r m a t i o n  about  t he  same p r o c e s s  and f u r t h e r  r e s u l t s .
They remarked t h a t  f o r  a p r a c t i c a l  i n d u s t r i a l  p r o c e s s ,  
t h e r e  w i l l  be u n a v o i d a b l e  d i s c r e p a n c i e s  bet wee n t he  a c t u a l  
dynamics and t h o s e  o f  a s i mp l e  model .  They s u g g e s t e d  t h a t  
t h e s e  d i s c r e p a n c i e s  be accomodated by p e r m i t t i n g  v a r i a t i o n s  
i n  model p a r a me t e r s  as o p e r a t i n g  c o n d i t i o n s  are  a l t e r e d  and 
u t i l i s i n g  o n - l i n e  i d e n t i f i c a t i o n .
The work o f  N e w e l l  and F i s h e r  (102) has i l l u s t r a t e d  
a s u c c e s s f u l  i m p l e m e n t a t i o n  o f  o p t i m a l  m u l t i v a r i a b l e  c o n t r o l  
i n  a r e a l  e n vi r o nme nt .  The c o n t r o l l e d  p l a n t  was a p i l o t  
s c a l e  doubl e  e f f e c t  e v a p o r a t o r .  The m u l t i v a r i a b l e  c o n t r o l  
probl em w i t h  q u a d r a t i c  IP was e x t e n d e d  so t h a t  t he  s o l u t i o n  
i n c l u d e d  m u l t i v a r i a b l e  i n t e g r a l  f e e d b a c k  and model f o l l o w i n g  
c a p a b i l i t i e s  i n  a d d i t i o n  t o  normal p r o p o r t i o n a l  s t a t e  f e e d ­
back c o n t r o l .  R e s u l t s  were s i g n i f i c a n t l y  b e t t e r  t han w i t h  a 
c o n v e n t i o n a l  c o n t r o l  scheme d e s p i t e  t he  p r e s e n c e  o f  
s i g n i f i c a n t  m o d e l l i n g  e r r o r s ,  p r o c e s s  n o n l i n e a r i t i e s  and 
n o i s e .  U s e f u l  comments were made on t he  s e l e c t i o n  o f  
c o n t r o l l e r  w e i g h t i n g  m a t r i c e s .  N o i s e  was removed w i t h  a 
s i mp l e  e x p o n e n t i a l  f i l t e r  b u t  t he  a u t h o r s  s t a t e d  t h a t  a 
p r e f e r r e d  approach woul d have been a Kalman f i l t e r .  They  
b e l i e v e d  t h a t  t he  e x c e l l e n t  per f or manc e  o f  t he  m u l t i v a r i a b l e  
c o n t r o l l e r s  may be t r a c e d  t o  t h e i r  i n t e r a c t i n g  n a t u r e  and 
h i g h  g a i n s .
N e w e l l ,  F i s h e r  and Se b or g  (103) have p r e s e n t e d  t h r e e  
methods o f  d e s i g n i n g  f e e d f o r w a r d  compens at or s  whi ch may be 
combined w i t h  m u l t i v a r i a b l e  f e e d b a c k  c o n t r o l l e r s  t o  mi ni mi se
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e r r o r  c au s e d by s u s t a i n e d  me as u r abl e  d i s t u r b a n c e s .  The IP 
was o p t i m i s e d  o v e r  i n f i n i t e  t i me and t he  s y s t e m was 
d e s c r i b e d  by a l i n e a r i s e d  model ,  as i n  t he  p r e v i o u s  p a p e r .  
E x p e r i m e n t a l  r e s u l t s  were o b t a i n e d  from t h e  same p i l o t  s c a l e  
e v a p o r a t o r .  Us i n g  t he  complex schemes,  t he  c o n c e n t r a t i o n  o f  
p r o d u c t  from t he  u n i t  was e s s e n t i a l l y  c o n s t a n t  i n s p i t e  o f  
s u s t a i n e d  d i s t r u b a n c e s  i n  f e e d  f l o w r a t e ,  f e e d  t e mp e r a t u r e  
or f e e d  c o n c e n t r a t i o n .  U s i n g  c o n v e n t i o n a l  SISO c o n t r o l l e r s  
o s c i l l a t i o n s  p e r s i s t e d  f o r  up t o  2  hours w i t h  s i m i l a r  
d i s t u r b a n c e s .
An e x p e r i m e n t a l  e v a l u a t i o n  o f  Kalman f i l t e r i n g  has  
been c o n d u c t e d  by Ha m i l t o n ,  Se bor g  and F i s h e r  ( 5 2 ) .  T h i s  
was once a g a i n  b a s e d  on t h e  p i l o t  s c a l e  e v a p o r a t o r  use d f o r  
t h e  p r e v i o u s  two c o n t r o l  s t u d i e s .  The a u t h o r s  found t h a t  
when t h e  f i l t e r  was i n c o r p o r a t e d  i n t o  a m u l t i v a r i a b l e  
computer c o n t r o l  scheme good r e s u l t s  were o b t a i n e d  d e s p i t e  
p r o c e s s  and/ or  measurement n o i s e  l e v e l s  o f  10%. The f i l t e r  
was found t o  be i n s e n s i t i v e  t o  e r r o r s  i n  t he  n o i s e  s t a t i s t i c s  
and t h e  model .  In f a c t ,  i t  was found t h a t  t h e  r e a l  p r o c e s s  
measurements were r e l a t i v e l y  n o i s e  f r e e  and a r t i f i c i a l  
.measurement n o i s e  was added.  The p o s s i b i l i t y  o f  f i l t e r  
t u n i n g  by t he  methods s u g g e s t e d  by We l l s  (138) were n o t e d .
Bl omsnes,  Grumbach and Lunde (16) have a p p l i e d  t he  
EKF to> a n u c l e a r  s y s t e m ,  t h e  probl em b e i n g  t o  c o n t r o l  
n u c l e a r  power and r e a c t o r  v e s s e l  p r e s s u r e .  T h e i r  r e s u l t s  
i n d i c a t e d  t h a t  a l t h o u g h  t he p r e d i c t i v e  q u a l i t i e s  o f  t h e  Kalman 
f i l t e r  were s u p e r i o r ,  t he  pe rf or mance  o f  a modern c o n t r o l  
s y s t e m was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t he  pe rf ormance
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o b t a i n e d  when o p t i m i s e d  t h r e e - t e r m  c o n t r o l l e r s  were used  
t o  r e g u l a t e  t he  same v a r i a b l e s .  T h i s  was a s c r i b e d  t o  a 
l a c k  o f  i n t e r a c t i o n  bet ween c o n t r o l  l o o p s  whi ch meant t h a t  
t he  p o t e n t i a l i t i e s  o f  t he  modern c o n t r o l  s y s t e m c o u l d  n o t  
be f u l l y  d e m o n s t r a t e d .  From t he p o i n t  o f  v i e w  o f  s a f e t y ,  
t h e  a u t h o r s  p l a c e d  more f a i t h  i n  t he  i n t e g r i t y  o f  t h e  
modern s y s t e m ,  whi c h was n o t  c r i t i c a l l y  dependent  on t he  
a v a i l a b i l i t y  o f  a l l  i n p u t  s i g n a l s .
King (76) has r e c e n t l y  p u b l i s h e d  r e s u l t s  c o n c e r n i n g  
t h e  o n - l i n e  d i g i t a l  computer c o n t r o l  o f  s l u r r y  c o n d i t i o n i n g  
i n  a p i l o t  m i n e r a l  f l o t a t i o n  p l a n t .  His s t r a t e g y  was t o  
a p p l y  t he  S e p a r a t i o n  Theorem and implement a s u b o p t i m a l  
c o n t r o l l e r .  Re a l  t i me o p e r a t i n g  e x p e r i e n c e  showed t h a t  
t h e  e s t i m a t i o n  and c o n t r o l  a l g o r i t h m s  were e f f e c t i v e .  
Par ame t er  e s t i m a t i o n  was f ound t o  be e s s e n t i a l  t o  p e r mi t  
t he  c o n t r o l l e r  t o  a da pt  t o  v a r i a t i o n s .  Wi t hout  t h i s  
e s t i m a t i o n ,  l a r g e  s t e a d y  s t a t e  e r r o r s  would a r i s e  and 
dynamic b e h a v i o u r  woul d be s e r i o u s l y  de g r a d e d .  I t  was 
s t a t e d ,  howe ve r,  t h a t  t h i s  method would p l a c e  h e a v y  demands 
on computer t i me i f  many p a r a me t e r s  were t o  be e s t i m a t e d .
L i t c h f i e l d  ( 8 6 ) and Campbel l  (19) have c a r r i e d  out  
s t u d i e s  i n  t he  o f f - l i n e  pa r a me t e r  e s t i m a t i o n  and o n - l i n e  
s t o c h a s t i c  c o n t r o l  f i e l d s ,  u s i n g  a r e a l  CSTR. T h e i r  work  
w i l l  be r e f e r r e d  t o  l a t e r .
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The i n t r o d u c t i o n  and l i t e r a t u r e  s u r v e y  r e v e a l e d  
s e v e r a l  t o p i c s  o f  i n t e r e s t  t o  c h e m i c a l  e n g i n e e r s  whi ch had  
n o t  been f u l l y  e x p l o r e d .  P a r t i c u l a r l y ,  t h e r e  was a l a c k  
o f  p r a c t i c a l  a p p l i c a t i o n  o f  many t h e o r e t i c a l  t e c h n i q u e s .
I t  was t h e r e f o r e  d e c i d e d  t o  a t t e m p t  t o  a c h i e v e  t h e
f o l l o w i n g  o b j e c t i v e s ,  by c o n d u c t i n g  r e s e a r c h  i n t o  t he  
o p e r a t i o n  o f  a r e a l  CSTR under d i r e c t  d i g i t a l  c o n t r o l .
(a) To t e s t  a new SISO i d e n t i f i c a t i o n  
t e c h n i q u e  f o r  s i mp l e  s y s t e m s .
(b) To examine t e c h n i q u e s  f o r  t he  o n - l i n e  
s t a t e  and p a r a me t e r  e s t i m a t i o n  o f  a 
r e a l  n o n l i n e a r  c h e m i c a l  p r o c e s s  
e mp l o y i n g  a d i g i t a l  computer.
(c)  To examine e s t i m a t o r  pe rf or manc e :
( i )  f o r  t he  c a s e  o f  n o i s y  measurements.
( i i )  f o r  t he  c a s e  o f  e x a c t  measurements.
( i i i )  when model s  o f  v a r y i n g  c o m p l e x i t y  are  u s e d ,  
( i v )  when n o i s e  c h a r a c t e r i s t i c s  ar e  non- nor mal ,  
(v) i n  o p e n - l o o p  and f e e d b a c k  mode.
(d) To examine s e v e r a l  a ppr oxi mat e  n o n l i n e a r  
e s t i m a t o r s  t o  d e t e r mi n e  whet her  
pe r f or manc e  improvements commensurate  
w i t h  i n c r e a s i n g  c o m p l e x i t y  r e s u l t .
2 . 4 .  R e s e a r c h  O b j e c t i v e s .
(e) To examine m o d i f i c a t i o n s  t o  
e s t i m a t o r  s t r u c t u r e  r e p o r t e d  t o  
y i e l d  i n c r e a s e d  n u m e r i c a l  
p r e c i s i o n ,  i n c r e a s e d  c o m p u t a t i o n a l  
spe e d or d e c r e a s e d  s t o r a g e  
r e q u i r e m e n t s .
( f )  To i n v e s t i g a t e  t he  f e a s i b i l i t y  o f  
s e v e r a l  m u l t i v a r i a b l e  s u b o p t i ma l  
c o n t r o l l e r s .
(g) To i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  
c o u p l i n g  e s t i m a t o r s  and s u b o p t i ma l  
c o n t r o l l e r s  t o  r e a l i s e  a d a p t i v e  
c o n t r o l .
(h) I f  p o s s i b l e ,  t o  compare m u l t i v a r i a b l e  
a d a p t i v e  c o n t r o l  w i t h  c o n v e n t i o n a l  
SISO a n a l o g  c o n t r o l .
The a c t u a l  t y p e s  o f  e s t i m a t o r s  and c o n t r o l l e r s  
t o  be used w i l l  be d i s c u s s e d  i n  C ha p t e r  7.
CHAPTER 3
THE PROCESS AND EQUIPMENT
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3 . 1 .  The P r o c e s s .
The p r o c e s s  i n v e s t i g a t e d  was t y p i c a l  o f  many found  
i n  t he  c h e m i c a l  i n d u s t r y .  A w e l l - s t i r r e d ,  n o n - i s o t h e r m a l  
c o n t i n u o u s  s t i r r e d  t a nk  r e a c t o r  was used f o r  the  
e x o t h e r m i c  s a p o n i f i c a t i o n  o f  e t h y l  a c e t a t e :
NaOH + C2 H5 COOCH3 ' = CH3 COONa + C 2 H5 OH
Over t he  e x p e r i m e n t a l  t e mp e r a t u r e  range  
i n v e s t i g a t e d ,  t he  r e a c t i o n  may be c o n s i d e r e d  t o  be 
i r r e v e r s i b l e  ( 6 1 ) .
P l a t e s  1 - 3  show t he  p r o c e s s  and a l i n e  diagram  
w i t h  c o n t r o l  p a t h s  i s  shown i n  F i g u r e  3 . 1 .  Complete  
t e c h n i c a l  s p e c i f i c a t i o n s  o f  a l l  hardware are  g i v e n  i n  
Appe ndi x  C.
The r e a c t a n t s  were 0 . 2  molar sodium h y d r o x i d e  
(NaOH) and 0 . 2  molar  e t h y l  a c e t a t e  (EtAc)  s o l u t i o n s  and 
were made up and s t o r e d ,  i m m e d i a t e l y  p r i o r  t o  each  
sequence o f  e x p e r i m e n t a l  runs, i n  72 l i t r e  p o l y t h e n e  t a n k s .
BDH ’ A n a l a r ’ g r a de  r e a g e n t s  were us e d.  The Et Ac  t a nk  
was s e a l e d  and any fumes whi ch e s c a p e d  d u r i n g  p r e p a r a t i o n  
were e x t r a c t e d  t o  at mosphere t hr ou g h a 3 i n c h  r i g i d  PVC 
p i p e .  The c a l i b r a t e d  l e v e l  g auges  on t h e  t a n k s  were  
c o n s t r u c t e d  from r i g i d  p e r s p e x  t u b e s .  I t  was e s t i m a t e d  
t h a t  t he  e x p e r i m e n t a l  c o n c e n t r a t i o n  e r r o r  i n  p r e p a r i n g  t he  
u s u a l  60 l i t r e  b a t c h  would be <-  0. 5%.  D i s t i l l e d  w a t e r  w i t h  
a s p e c i f i c  c o n d u c t i v i t y  o f  l e s s  t han 8  micromhos/cm was u s e d.
3 .  THE PROCESS AND EQUIPMENT.
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Two m a g n e t i c a l l y  c o u p l e d  March pumps s e r v e d  t he  
du a l  purpose o f  s u p p l y i n g  t he  r e a c t o r  and c o n t i n u o u s l y  
mi x i n g  the i n d i v i d u a l  r e a c t a n t s  t hr o u g h b y - p a s s  n e t w o r k s .  
Su p p l y  p r e s s u r e  was r e g i s t e r e d  on g a u g e s .  The f e e d s  were  
e l e c t r i c a l l y  h e a t e d  t o  about  50°C , p r i o r  t o  e n t e r i n g  
t he  r e a c t o r ,  by 18 i n c h ,  1  kW e l e me nt s  r e g u l a t e d  by  
t h y r i s t o r  p r o p o r t i o n a l  c o n t r o l l e r s  w i t h  t h e r m i s t o r  s e n s o r s .
1 The r e a c t o r  i t s e l f  was t he  most i mpor t ant  p i e c e
o f  equipment o f  t he p r o c e s s  and was a m o d i f i c a t i o n  o f  a
b y
d e s i g n  o r i g i n a l l y  used and d e s c r i b e d AJ a v i n s k y  ( 6 1 ) .  I t  
was made o f  copper w i t h  p o l y t h e n e  b a f f l e s  and a p e r s p e x  
l i d .  A s e c t i o n a l  v i e w  w i t h  di mensi ons appear s  i n  
r e f e r e n c e  ( 6 1 ) .  The d i f f e r e n c e s  were t h a t  a 6  i n c h  
( 1 5 . 2 4  cm) O.D,  1 / 1 6  i n c h  ( 1 . 6  mm) w a l l  copper t ube was 
use d i n s t e a d  o f  p l a t e  f o r  t he  r e a c t o r ,  and t h a t  t wi n  
p r o p e l l o r s  were p r e s e n t  on t he s t i r r e r  s h a f t .  I t  was 
n o r ma l l y  f u l l  o f  l i q u i d  and was s t i r r e d  a t  1420 r . p . m .  by  
two 3 i n c h  marine p r o p e l l o r s .  Leakage was p r e v e n t e d  by  a 
PTFE s e a l  on t he s t i r r e r  s h a f t .  Mixed hot  and c o l d  w a t e r  
o f  v a r y i n g  f l o w r a t e  c o u l d  be s u p p l i e d  t o  t he  j a c k e t  o f  
t h e  r e a c t o r .  A t h e r m o s t a t i c a l l y  c o n t r o l l e d  3 kW h e a t e r  was 
used t o  m a i n t a i n  ho t  w a t e r  t e mp e r a t u r e  when demand was h i g h .
3 . 2 .  I n s t r u m e n t a t i o n .
The p r o c e s s  was e x t e n s i v e l y  i n s t r u m e n t e d ,  each  
i n s t r u me n t  b e i n g  chosen t o  p r o v i d e  an e l e c t r i c a l  o u t p u t .
Feed f l o w r a t e s  were measured w i t h  Foxboro i n t e g r a l  o r i f i c e  
d i f f e r e n t i a l  p r e s s u r e  c e l l s .  C o o l a n t  f l o w r a t e  was measured  
w i t h  an EFM t u r b i n e  f l o wme t e r  and f r e q u e n c y  c o n v e r t e r .
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Temperat ures  were measured w i t h  Comark c o p p e r - c o n s t a n t a n  
t h e r m o c o u p l e s ,  each w i t h  i t s  o\m i c e  r e f e r e n c e  j u n c t i o n .
C o n c e n t r a t i o n  o f  NaOH i n  t he o u t l e t  st ream from t he  
r e a c t o r  was i n f e r r e d  from c o n d u c t i v i t y  measurements
A
o b t a i n e d  from a Leeds and Nort hrup c o n d u c t i v i t y  c e l l  and 
mo ni t or .
A l l  s e n s o r  s i g n a l s  were c o n v e r t e d  t o  h i g h  l e v e l s  
( 0 - 1 0  v o l t s )  by D a t e l  wide band u l t r a s t a b l e  h i g h  g a i n  
i n s t r u me n t  a m p l i f i e r s .  Some s i g n a l s  r e q u i r e d  a d d i t i o n a l  
a m p l i f i c a t i o n  up to an o v e r a l l  g a i n  o f  3900..  The o u t p u t  
from each measurement channe l  was f i l t e r e d  w i t h  a s i n g l e  
p o l e  r e s i s t a n c e - c a p a c i t a n c e  ne t work.  The a m p l i f i e d ,  
f i l t e r e d  s i g n a l s  were t r a n s m i t t e d  from t h e  p r o c e s s  t hr ough  
s h i e l d e d  c a b l e s  grounded a t  t he  p l a n t  end o n l y  ( 99) .  
B e l l i n g - L e e  mains f i l t e r s  were used f o r  n o i s e  s u p p r e s s i o n  
on a l l  e l e c t r i c a l  s u p p l i e s .
3 . 3 .  C o n t r o l .
P r o v i s i o n  was made f o r  c o n t r o l l i n g  r e a c t a n t  
f l o w r a t e s  and c o o l a n t  f l o w r a t e  and t e m p e r a t u r e .  Four  
Foxboro pneumat i c  c o n t r o l  v a l v e s  were use d on t he  p l a n t .  
One was s i t u a t e d  i n  each o f  the r e a c t a n t  f e e d  l i n e s  and 
each o f  t h e s e  was f i t t e d  w i t h  a V e r n i e r  V a l v a c t o r  as  
s t a n d a r d  equai pment .  One was a l s o  s i t u a t e d  i n e ach o f  t he  
hot  and c o l d  w a t e r  s u p p l y  l i n e s ,  b u t  t h e s e  were not  f i t t e d  
w i t h  V a l y a c t o r s .
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A l l  v a l v e s  were a i r - t o - o p e n  and t he  v a l v e  on t he  
c o l d  w a t e r  l i n e  was r e v e r s e  a c t i o n .  An e l e c t r i c a l  
f a i l u r e  would t h e r e f o r e ,  r e s u l t  i n  maximum c o o l i n g  o f  t he  
r e a c t o r  and t he f e e d  s u p p l i e s  would be c u t  o f f .
C o n t r o l  s i g n a l s ,  i n  t he  rang e  - 1 0 v ,  were c o n v e r t e d  
t o  e l e c t r i c a l  c u r r e n t s  u s i n g  C a m i l l e - B a u e r  v o l t a g e - t o -  
c u r r e n t  c o n v e r t e r s . *  Foxboro c u r r e n t - t o - a i r  p r e s s u r e  
t r a n s d u c e r s  were use d t o  c o n v e r t  t h e s e  c u r r e n t s ,  which  
were i n  t he  range 4-20 mA, i n t o  a 3 - 1 5  p . s . i .  pneumat i c  
s i g n a l  f o r  each v a l v e .  A compressor  p r o v i d e d  t h e  a i r  
s u p p l y ,  which was f i l t e r e d  w i t h  Norgren f i l t e r s  and 
r e g u l a t e d  by Norgren and Foxboro r e g u l a t o r s .
3 . 4 .  The I n t e r f a c e .
An A n a l o g i c  a n a l o g  t o  d i g i t a l / d i g i t a l  t o  a n a l o g  
c o n v e r t e r  (ADC/DAC) was use d as a s p e c i a l  purpos e  
i n t e r f a c e .  I t  s e r v e d  t h e  main purpos e  o f  e n a b l i n g  a 
d i g i t a l  computer t o  communicate w i t h  t he  o u t s i d e  wo r l d  
and i t s  normal f u n c t i o n s  were t w o f o l d .  P l a n t  measurement  
s i g n a l s  c o u l d  be c o n v e r t e d  i n t o  1 2  b i t  b i n a r y  numbers
f o r  t r a n s m i s s i o n  i n t o  a computer and b i n a r y  numbers g e n e r a t e d  
by computer c o u l d  be changed i n t o  v o l t a g e s  f o r  t r a n s m i s s i o n  
t o  t he v o l t a g e - t o - c u r r e n t  c o n v e r t e r s .  However t he  ADC/DAC 
a l s o  s e r v e d  t he a d d i t i o n a l  purpos e  o f  p r o v i d i n g  a 
communi cation l i n k  bet ween a n a l o g  and d i g i t a l  comput ers .
The de c i ma l  e q u i v a l e n t  o f  t he  b i n a r y  ADC r ange was - 2 0 4 7 .
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3 . 5 .  Anal og  Comput er.
An E l e c t r o n i c  A s s o c i a t e s  L i m i t e d  EAL-48 p a r a l l e l  
h y b r i d  computer was found v e r y  u s e f u l  i n  s i m u l a t i n g  si mpl e  
s y s t e m s .  B u f f e r  a m p l i f i e r s  were used t o  i n t e r f a c e  i t  to  
t he  ADC/DAC or p l a n t .  I t s  d i g i t a l  s e c t i o n  c o u l d  be u t i l i s e d  
as a programmable c l o c k  f o r  a d i g i t a l  computer i f  d e s i r e d  ( 86).
3 . 6 .  D i g i t a l  Computer and Hardware.
A D i g i t a l  Equipment Company PDP 1 1 / 1 0  computer w i t h  
24K o f  16 b i t  c o r e  s t o r a g e  was u s e d .  An i n t e r c h a n g e a b l e  d i s c  
p a c k  made an a d d i t i o n a l  1 . 2  M words o f  s t o r a g e  a v a i l a b l e .  An 
e x t e n d e d  a r i t h m e t i c  e l ement  s peeded comput at i on and a r e a l ­
t i me programmable c l o c k  was a v a i l a b l e  f o r  o n - l i n e  
a p p l i c a t i o n s .
P e r i p h e r a l s  i n c l u d e d  a Data Dynamics 390 t e l e t y p e ;  
a Lynwood DAD1 v i s u a l  d i s p l a y  u n i t  (VDU); a Trend 500 c . p . s  
o p t i c a l  pape r  t a p e  r e a d e r  and a F a c i t  75 c . p . s  p a pe r  t a p e  punch.  
Computing hardware i s  shown i n  P l a t e  3.
3 . 7 .  S o f t w a r e .
The s t a n d a r d  DEC s o f t w a r e  p ac kag e  s u p p l i e d  w i t h  t he  
machine c o n s i s t e d  o f :
(a) A d i s c  o p e r a t i n g  s y s t e m ,  DOS V808.
(b) ANSI s t a n d a r d  FORTRAN IV
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( c )  A n  a s s e m b l e r  l e v e l  c o m p i l e r ,  M A C R O  1 1 .
( d )  A  p r o g r a m  e d i t o r ,  E D I T  1 1 .
( e )  A  p e r i p h e r a l  i n t e r c h a n g e  p r o g r a m ,  P I P  1 1 ,  
f o r  p a s s i n g  i n f o r m a t i o n  b e t w e e n  p e r i p h e r a l s .
( f )  A n  o n - l i n e  e r r o r  d e t e c t i n g  p r o g r a m ,  O D T  1 1 ,  
f o r  c o r r e c t i n g  a s s e m b l e r  l e v e l  p r o g r a m s .
( g )  A  l i b r a r i a n ,  L I B R  1 1 ,  f o r  c o n s t r u c t i n g  
l i b r a r i e s  o f  u s e r  w r i t t e n  r o u t i n e s .
( h )  A  l i n k e r ,  L I N K  1 1 ,  f o r  c o n s t r u c t i n g  l o a d  
m o d u l e s  f r o m  c o m p i l e d  o b j e c t  m o d u l e s .
M a c h i n e  c o d e  m o d i f i c a t i o n s  h a d  p r e v i o u s l y  b e e n  m a d e  
( 1 9 ) t o  e n a b l e  F O R T R A N  I V  t o  r u n  i n  r e a l  t i m e  a n d . t o  d r i v e  t h e  
A D C / D A C  a n d  p u n c h  b u t  e x t r a  s p e c i a l i s e d  s o f t w a r e  h a d  t o  b e  
w r i t t e n .  T h e  U n i v e r s i t y ' s  g r a p h  p l o t t i n g  p r o g r a m  S P L O T ,  o n  
t h e i r  l a r g e r  I C L  1 9 0 5 F  c o m p u t e r ,  w a s  e x t e n d e d .  I t  w a s  t h e n  
m o d i f i e d  t o  p e r m i t  t h e  d r a w i n g  o f  l o g a r i t h m i c  s c a l e s  a n d  a  
c o m p l e t e  d a t a  p l o t t i n g  p r o g r a m  w a s  w r i t t e n .
S Y S T E M S  A N A L Y S I S
c h a p t e r  4 .
4 .  SYSTEMS ANALYSIS -  1 .
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4 . 1 .  P r o c e s s  M o d e l s .
I n  o r d e r  t o  b e  a b l e  t o  i m p l e m e n t  t h e  t e c h n i q u e s  
u s e d  l a t e r  i t  w a s  d e c i d e d  t o  c o n s t r u c t  a  s t a t e - s p a c e  m o d e l  
o f  r e a c t o r  b e h a v i o u r .  E v e n  f o r  t h e  s i m p l e  p r o c e s s  
c o n s i d e r e d  h e r e ,  a  v e r y  e l a b o r a t e  m o d e l  c o u l d  b e  b u i l t  i f  
i t  w e r e  d e s i r e d  t o  m o d e l  s u c h  e f f e c t s  a s  e n e r g y  e x c h a n g e  
w i t h  s u r r o u n d i n g s  a n d  d e v i a t i o n s  f r o m  p e r f e c t  m i x i n g .  
H o w e v e r ,  t h e  i d e a l  m o d e l  f o r  e s t i m a t i o n  a n d  c o n t r o l  p u r p o s e s  
s h o u l d  b e  a s  s i m p l e  a s  p o s s i b l e  w h i l s t  a c c u r a t e l y  d e s c r i b i n g  
t h e  r e a l  s y s t e m ' s  p e r f o r m a n c e .  I n  o r d e r  t o  c o n s t r u c t  s u c h  a  
m o d e l ,  i t  w a s  n e c e s s a r y  t o  ,m a k e  c e r t a i n  a s s u m p t i o n s ,  t h e  
v a l i d i t y  o f  w h i c h  a r e  d i s c u s s e d  l a t e r .  M o d e l s  o f  v a r y i n g  
c o m p l e x i t y  a r e  p r o p o s e d ,  b u t  b a s i c  a s s u m p t i o n s  c o m m o n  t o  
a l l  a r e : -
( a )  T h e  r e a c t o r  i s  p e r f e c t l y  m i x e d .  ( T h i s  m a y  
b e  v e r i f i e d  e x p e r i m e n t a l l y ) .
( b )  A t  t h e  c o n c e n t r a t i o n s  c o n s i d e r e d ,  t h e  
r e a c t i o n  i s  s e c o n d  o r d e r  a n d  o b e y s  t h e  
A r r h e n i u s  l a w  r e g a r d i n g  r e a c t i o n  r a t e  a n d  
t e m p e r a t u r e  ( 1 0 8 ) ,  ( 1 3 5 ) .
( c )  T h e  p h y s i c a l  p r o p e r t i e s  o f  a l l  f l u i d s  ( w i t h  
t h e  e x c e p t i o n  o f  e l e c t r i c a l  c o n d u c t i v i t y )  
a r e  t h e  s a m e  a s  t h o s e  o f  w a t e r  a n d  d o  n o t  
c h a n g e  a p p r e c i a b l y  ( w i t h  t h e  e x c e p t i o n  o f  
v i s c o s i t y  a n d  c o n d u c t i v i t y )  o v e r  t h e  
t e m p e r a t u r e  r a n g e  c o n s i d e r e d .  ( A l l  f l u i d s  
a r e  v e r y  d i l u t e  s o l u t i o n s .  T h e  r e l e v a n t
5 3
p r o p e r t i e s  o f  w a t e r  ( 2 7 ) ,  ( 5 9 ) ,  ( 1 1 1 )  
a n d  t h o s e  p r o p e r t i e s  o f  p e r t i n e n t  
f l u i d s  w h i c h  h a v e  b e e n  p u b l i s h e d  ( 5 9 ) ,
( 1 1 1 )  a r e  r e l a t i v e l y  i n v a r i a n t  o v e r  
t h e  t e m p e r a t u r e  r a n g e  c o n s i d e r e d ) .
( d ) T h e  p h y s i c a l  p r o p e r t i e s  o f  m a t e r i a l s  
o f  c o n s t r u c t i o n  d o  n o t  c h a n g e  
a p p r e c i a b l y  o v e r  t h e  t e m p e r a t u r e  r a n g e  
c o n s i d e r e d .  ( 5 9 )  ,  ( 1 1 1 ) .
( e ) T h e  m o l a r  i n f l o w  o f  r e a c t a n t s  a r e  i n  
s t o i c h i o m e t r i c  p r o p o r t i o n s .  ( T h i s  m a y  b e  
s i m p l y  a r r a n g e d ) .
( f ) T h e  r e a c t o r  s y s t e m  d o e s  n o t  e x c h a n g e  
e n e r g y  w i t h  i t s  s u r r o u n d i n g s .  ( T h e  r e a c t o r  
w a s  i n s u l a t e d  b u t  t h e  s t i r r i n g  o p e r a t i o n  
w i l l  i m p a r t  s o m e  e n e r g y  t o  b e  c o n t e n t s . )
I f  t w o  f u r t h e r  a s s u m p t i o n s  a r e  m a d e :
( g )  T h e  r e a c t o r  w a l l  h a s  s u f f i c i e n t  m a s s  t o  
i n f l u e n c e  t h e  d y n a m i c s  o f  t h e  s y s t e m .
( h )  T h e  r e a c t o r  c o o l i n g  j a c k e t  b e h a v e s  a s  
a  p e r f e c t l y  m i x e d  h e a t  s i n k .
/
T h e n  a  4 - d i m e n s i o n a l  m o d e l  s i m i l a r  t o  t h a t  p r o p o s e d  
b y  W e l l s  ( 1 3 8 )  c o u l d  b e  c o n s t r u c t e d .  H o w e v e r ,  a l t h o u g h
( g )  m a y  b e  r e l e v a n t ,  ( h )  w a s  n o t  f e l t  t o  b e  v a l i d  b e c a u s e  
t h e  c o o l i n g  j a c k e t  i s  a n  a n n u l u s  a n d  c o o l i n g  f l u i d  i s  t h u s  
u n l i k e l y  t o  b e  c o m p l e t e l y  m i x e d .  I t  w a s  d e c i d e d  t o  t r y  
t o  o b t a i n  a  s m a l l e r  d i m e n s i o n a l  m o d e l  b y  r e j e c t i n g  ( h )
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a n d  i f  n e c e s s a r y  i n c o r p o r a t i n g  ( g )  i n t o  a n  ' e q u i v a l e n t  
c o o l i n g  j a c k e t  v o l u m e '  t e r m .  S u c h  a  t e r m  c o u l d  
c o m p e n s a t e  f o r  t h e r m a l  l a g s  d u e  t o  t h e  w a l l  m a t e r i a l .
O n e  f u r t h e r  a s s u m p t i o n  w a s  n e c e s s a r y  t o  p r o d u c e  a  3 -  
d i m e n s i o n a l  ( 3 D )  m o d e l  w h i c h  w a s  m a t h e m a t i c a l l y  t r a c t a b l e .  
I t  i s :
( i )  T h e  t e m p e r a t u r e  d i f f e r e n c e s  e n c o u n t e r e d  
b e t w e e n  t h e  r e a c t o r  c o n t e n t s  a n d  t h e  
j a c k e t  c o n t e n t s  a r e  s m a l l  e n o u g h  t h a t  t h e  
a r i t h m e t i c  m e a n  t e m p e r a t u r e  d i f f e r e n c e  m a y  
b e  s u b s t i t u t e d  f o r  t h e  l o g a r i t h m i c  m e a n  
t e m p e r a t u r e  d i f f e r e n c e .
R e f e r r i n g  t o  t h e  s c h e m a t i c  d i a g r a m  a n d  
n o m e n c l a t u r e  o f  F i g u r e  4 . 1  a  3 D  m o d e l  m a y  b e  f o r m u l a t e d ,  
b y  d e f i n i n g
T M  = ( T C I  + T C 0 ) / 2     ( 4 . 1 )
f r o m  a n  e n e r g y  b a l a n c e  o v e r  t h e  r e a c t o r
T  = F A - T A  + F B . T B  _ ( F A + F B ) . T  _ D H . A . e ^ E / R , T j C A 2 
V R  V R  V R  R H O .  CP
----------------  . ( T - T M )
R H O . V R . C P
( 4 . 2 )
C O O L A N T  O U T L E T  
<
F C , t c o
R E A C T O R
O U T L E T
F A +  F B ,  T ,  C A
N A O H  I N L E T
FA, Ta7cAi" 
E T A C  I N L E T
F B ,  T B ,  C A I
C O O L A N T  I N L E T  
F C ,  T C I
F A  -  N A O H  F L O W R A T E
F B  -  E T A C  F L O W R A T E
F C  -  C O O L A N T  F L O W R A T E
T A  -  N A O H  I N L E T  T E M P E R A T U R E
T B  -  E T A C  I N L E T  T E M P E R A T U R E
T  -  R E A C T O R  C O N T E N T S  T E M P E R A T U R E
T C I  -  C O O L A N T  I N L E T  T E M P E R A T U R E
T C O .  -  C O O L A N T  O U T L E T  T E M P E R A T U R E
C A I  -  N A O H / E T A C  I N L E T  C O N C E N T R A T I O N
C A  -  N A O H  O U T L E T  C O N C E N T R A T I O N
V R  -  R E A C T O R  V O L U M E  
V C  -  C O O L I N G  J A C K E T  V O L U M E  
DH -  H E A T  O F  R E A C T I O N  
A  -  A R R H E N I U S  C O N S T A N T  
E  -  A C T I V A T I O N  E N E R G Y  
P.HO -  F L U I D  D E N S I T Y
C P  “  F L U I D  S P E C I F I C  H E A T  
R  -  U N I V E R S A L  G A S  C O N S T A N T
U A R  -  M O D I F I E D  O V E R A L L  H E A T  T P A M S F E R  C O E F F I C I E N T
C H E A T  T R A N S F E R  C O E F F I C I E N T  *  H E A T  T R A N S F E R  S U R F A C E  A R E A )
‘F I G U R E  4 . 1  R E A C T O R  S Y S T E M  S C H E M A T I C -
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a n  e n e r g y  b a l a n c e  o v e r  t h e  c o o l i n g  j a c k e t
T M  = F C . C T C I  - T C P )  + U A R . ( T - T M )  ............................................. ( 4 _ 3 )
V C  R H O .  V C .  C P
a n d  a  m a s s  b a l a n c e  o n  N a O H  o v e r  t h e  r e a c t o r :
= F A . C A I  _  C F A + F B )  . C A  -  A . e C ‘ E / R - T ; )  . C A 2 ( 4  4 )
V R  V R
A  f u r t h e r  r e d u c t i o n  i n  d i m e n s i o n a l i t y  o c c u r s  i f  
t h e  a s s u m p t i o n  i s  m a d e  t h a t :
( j )  t h e  j a c k e t  d y n a m i c s  a r e  m u c h  f a s t e r  t h a n  t h e  
r e a c t o r  d y n a m i c s .
T h u s  b y  s e t t i n g  T M  i n  e q u a t i o n  ( 4 . 3 )  e q u a l  t o  
z e r o  a n d  u s i n g  t h e  r e s u l t  t o  e l i m i n a t e  T C O  f r o m  e q u a t i o n  
( 4 . 2 )  t h e  f o l l o w i n g  2 - d i m e n s i o n a l  ( 2 D )  m o d e l  m a y  b e  o b t a i n e d
T = F A - TA + F B . T B  _ ( F A + F B ) , T  _ D H . A . e ( ~ E / RT) . C A 2 
V R  V R  V R  R H O .  CP
( U A R / ( R H O . V R . C P ) ) . ( T - T C I )  ^  g
( 1  + ( U A R / ( 2 . R H O . C P . F C ) ) )
C A  = F ^ C A I .  ,  j F A + F B )  .  C A  _  ( - E / R . T )  ^   ( 4 > 4
V R  V R
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I t  w i l l  b e  n o t i c e d  t h a t  b o t h  m o d e l s ’ p r e d i c t i o n  
o f  T  a n d  C A  a t  s t e a d y  s t a t e  w i l l  b e  t h e  s a m e  -  o n l y  
d y n a m i c  b e h a v i o u r  w i l l  b e  d i f f e r e n t .  B o t h  m o d e l s  h a v e  
a l s o  b e e n  s h o w n  t o  b e  c a p a b l e  o f  d e s c r i b i n g  t h e  b e h a v i o u r  
o f  t h i s  r e a c t o r  s y s t e m  -  t h e  2 D  m o d e l  b y  J a v i n s k y  ( 6 1 )  a n d  
t h e  3 D  m o d e l ,  w i t h  s o m e  a l t e r a t i o n ,  b y  C a m p b e l l  ( 1 9 ) .
I t  w a s  d e c i d e d  t h a t  i t  w o u l d  b e  w o r t h w h i l e  t o  i n v e s t i g a t e  
b o t h  m o d e l s ,  b e c a u s e  a l t h o u g h  t h e  3 D  m o d e l  m a y  m o r e  
f a i t h f u l l y  r e p r o d u c e  d y n a m i c  b e h a v i o u r ,  t h e  2 D  m o d e l  h a s  
g r e a t e r  s i m p l i c i t y .  T o  e n s u r e  t h e i r  a p p l i c a b i l i t y ,  t h e  
a s s u m p t i o n s  m a d e  i n  t h e  d e r i v a t i o n  o f  t h e  m o d e l s  w i l l  b e  
e x a m i n e d  m o r e  f u l l y , .  T h e  m o d e l s  w i l l  a l s o  b e  e x t e n d e d  t o  
i n c l u d e  e x p r e s s i o n s  f o r  v a r i a t i o n  i n  U A R ,  w h i c h  h a s  
p r e v i o u s l y  b e e n  t r e a t e d  a s  a  c o n s t a n t .
CHAPTER 5
P R E L I M I N A R Y  E X P E R I M E N T A L  W O R K
5 .  PRELIMINARY EXPERIMENTAL WORK. 59
5 . 1 .  M e a s u r e m e n t  A c c u r a c y  a n d  N o i s e .
A f t e r  t h e  p l a n t  h a d  b e e n  c o n s t r u c t e d  i t  w a s  f o u n d  
t h a t  m e a s u r e m e n t  n o i s e  l e v e l s  w e r e  v e r y  h i g h  a n d  
c a l i b r a t i o n  o f  i n s t r u m e n t s  w a s  r e n d e r e d  d i f f i c u l t .  T h e  
c a u s e s  o f  t h i s  p r o b l e m  e m a n a t e d  f r o m  s e v e r a l  s o u r c e s
( a )  T h e  e l e c t r i c a l  s u p p l y .
( b )  O t h e r  e l e c t r i c a l  a p p a r a t u s  i n  t h e  s a m e  
b u i l d i n g .
( c )  P o o r  m a i n s  e a r t h i n g .
F o u r i e r  F r e q u e n c y  a n a l y s i s  ( 8 6 )  h a d  r e v e a l e d  t h a t  
p r a c t i c a l l y  a l l  o f  t h e  n o i s e  w a s  h i g h  f r e q u e n c y  c o m p a r e d  
t o  t h e  i n f o r m a t i o n a l  b a n d  o f  t h e  p l a n t .  L o w  p a s s  f i l t e r s  
w e r e  t h e r e f o r e  d e s i g n e d  a n d  i n s t a l l e d .  T h e y  w e r e  s i m p l e  
r e s i s t a n c e - c a p a c i t a n c e  n e t w o r k s  w i t h  a  c u t - o f f  f r e q u e n c y  o f  
1 0  H z  a n d  0 . 1 2 5  a t t e n u a t i o n  a t  5 0  H z .  B e l l i n g - L e e  m a i n s  
f i l t e r s  w e r e  a l s o  f i t t e d  i n t o  a l l  s u p p l y  c i r c u i t s .
A  d e t e r m i n a t i o n  o f  m e a s u r e m e n t  n o i s e  l e v e l s  w a s  
t h e n  c a r r i e d  o u t  f o r  f o u r  t y p i c a l  c h a n n e l s  o f  i n t e r e s t .  T h e  
r e l e v a n t  c h a n n e l s  w e r e  s a m p l e d  a t  v a r y i n g  f r e q u e n c i e s  a n d  
t h e  A D C  n u m b e r s  p r o c e s s e d .  T h e  c o n d i t i o n s  a n d  r e s u l t s ,  i n  
d e c i m a l  A D C  n u m b e r s ,  a r e  s h o w n  i n  T a b l e s  5 . 1  -  5 . 8 .  F i v e  
s e p a r a t e  r u n s  w e r e  c o m p l e t e d  f o r  e a c h  c h a n n e l  a t  e a c h  
f r e q u e n c y  a n d  c o n d i t i o n .  O n l y  t h e  w o r s t  c a s e  r e s u l t s  a r e  
p r e s e n t e d .
6 0
T h e  p o s i t i v e  d e c i m a l  A D C  r a n g e  i s  0 - 2 0 4 7  a n d  t h e  
r e s u l t s  s h o w  t h a t  m e a s u r e m e n t  n o i s e  h a d  b e e n  p r a c t i c a l l y  
e l i m i n a t e d  b y  t h e  m e a s u r e s  t a k e n .  T h e y  c o n f i r m e d  p r e v i o u s  
r e s u l t s  o b t a i n e d  b y  s p e c t r a l  a n a l y s i s  ( 8 6 ) .  F o r  s o m e  
m e a s u r e m e n t s  h o w e v e r ,  n o t a b l y  o f  f l o w r a t e s ,  n o i s e  w a s  
s i g n i f i c a n t l y  i n c r e a s e d  w h e n  a n  i n s t r u m e n t  w a s  p h y s i c a l l y  
c o n n e c t e d  t o  t h e  p r o c e s s .  T h i s  n o i s e  w a s  a t t r i b u t e d  t o  
e f f e c t s  o f  t h e  p r o c e s s  i t s e l f  a n d  w h e r e  p o s s i b l e  i n s t r u m e n t s  
w e r e  c a l i b r a t e d  i n  i s o l a t i o n .
T h e  v i r t u a l  a b s e n c e  o f  m e a s u r e m e n t  n o i s e  d o e s  n o t  i m p l y  
a c c u r a c y .  H o w e v e r ,  c a l i b r a t i o n  p r o c e d u r e s  a r e  r e n d e r e d  m o r e  
l i k e l y  t o  b e  a c c u r a t e ,  e v e n  t h o u g h  d r i f t  m a y  s u b s e q u e n t l y  
o c c u r .
5 . 2 .  C a l i b r a t i o n  o f  I n s t r u m e n t s .
T h e . c a l i b r a t i o n  p r o c e d u r e  f o l l o w e d  a  s i m i l a r  p a t t e r n  
f o r  m o s t  i n s t r u m e n t s .  S t a n d a r d s  w e r e  p r o v i d e d  f o r  e a c h  
m e a s u r e m e n t  s y s t e m  a n d  d a t a  f r o m  t h e  i n s t r u m e n t s  w a s  
a u t o m a t i c a l l y  r e c o r d e d  b y  t h e  c o m p u t e r .  S u b s e q u e n t  
r e g r e s s i o n  a n a l y s i s  w a s  t h e n  p e r f o r m e d  t o  o b t a i n  c a l i b r a t i o n  
r e l a t i o n s h i p s .  T h e s e  m a y  b e  f o u n d  i n  A p p e n d i x  B .  T h e  
a c t u a l  m e t h o d  f o r  e a c h  i n s t r u m e n t  s y s t e m  i s  d e s c r i b e d  b e l o w .
5 . 2 . 1 .  T e m p e r a t u r e  M e a s u r e m e n t  S y s t e m .
E a c h  t e m p e r a t u r e  s e n s o r  c o n s i s t e d  o f  a  m e a s u r e m e n t  
t h e r m o c o u p l e ,  i t s  o w n  i c e  r e f e r e n c e  j u n c t i o n  a n d  a n  
i n s t r u m e n t  a m p l i f i e r  a n d  f i l t e r .  C a l i b r a t i o n  o f  a l l
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c o m p o n e n t s  t o g e t h e r  r e d u c e d  i n t e r c h a n g e a b i l i t y  b u t  
i n c r e a s e d  a c c u r a c y ,  a s  a n y  c h a r a c t e r i s t i c s  p e c u l i a r  t o  
a  p a r t i c u l a r  l o o p  c o u l d  b e  d e s c r i b e d .  F o r  c a l i b r a t i o n  
p u r p o s e s ,  a l l  t h e  m e a s u r e m e n t  t h e r m o c o u p l e s  w e r e  p l a c e d  
i n s i d e  a  c o p p e r  s h e a t h  w h i c h  w a s  i m m e r s e d  i n  a  w e l l  
s t i r r e d  w a t e r  b a t h .  T h e y  w e r e  t h e n  c a l i b r a t e d  a g a i n s t  
a  s t a n d a r d  t h e r m o c o u p l e ,  w h i c h  w a s  a l s o  i n s i d e  t h e  s h e a t h .  
T h e  t e m p e r a t u r e  o f  t h e  b a t h  w a s  a l t e r e d  u n t i l  m e a s u r e m e n t s  
h a d  b e e n  t a k e n  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t .  
C a l i b r a t i o n  r e l a t i o n s h i p s  w e r e  o b t a i n e d  i n  t h e  f o r m :
T e m p e r a t u r e  = f i  ( A D C  N u m b e r )
a n d
A D C  N u m b e r  =  f 2 ( T e m p e r a t u r e )
S e v e r a l  d e g r e e s  o f  p o l y n o m i a l  a p p r o x i m a t i o n  w e r e  
t r i e d .  T h e  s e l e c t e d  r e l a t i o n s h i p s  w e r e  t h e  o n e s  w h i c h  g a v e  
t h e  b e s t  f i t s ,  o f  d a t a  w i t h  t h e  l e a s t  c o m p l e x i t y .  A  
c e r t a i n  a m o u n t  o f  s u b j e c t i v e  j u d g e m e n t  h a d  t o  b e  u s e d  i n  
t h i s  t a s k .  T h e  t e m p e r a t u r e  s e n s o r s  w e r e  c h e c k e d  f r e q u e n t l y  
f o r  e v i d e n c e  o f  d r i f t .  G r a p h s  o f  a  t y p i c a l  c a l i b r a t i o n  a r e  
s h o w n  i n  F i g u r e s  5 . 1  a n d  5 . 2 ;  r e a l  d a t a  a r e  r e p r e s e n t e d  b y  
s y m b o l s  a n d  t h e  c a l i b r a t i o n  r e l a t i o n s h i p s  b y  l i n e s .
5 . 2 . 2 .  F l o w r a t e  M e a s u r e m e n t  S y s t e m .
T h e  t w o  t y p e s  o f  f l o w m e t e r  u s e d  w e r e  b o t h  c a l i b r a t e d  
b y  a n  a b s o l u t e  m a s s / t i m e  m e t h o d .  W a t e r  w a s  u s e d  a s  t h e  
c a l i b r a t i o n  f l u i d  a n d  f l o w r a t e s  w e r e  a l t e r e d  b y  m a n u a l  
a d j u s t m e n t s  o f  v a l v e  p o s i t i o n s  u n t i l  t h e  e n t i r e  r a n g e  o f
6 2
i n t e r e s t  h a d  b e e n  e x p l o r e d .  R e s u l t s  f o r  a  r e a c t a n t  f l o w ­
m e t e r  a n d  t h e  c o o l a n t  f l o w m e t e r  a p p e a r  i n  F i g u r e s  5 . 3  -  
5 . 6 ,  w h i c h  u s e  t h e  p r e v i o u s l y  d e s c r i b e d  n o t a t i o n .
T h e  m o s t  d i f f i c u l t  i n s t r u m e n t s  t o  c a l i b r a t e  w e r e  
t h e  r e a c t a n t  f l o w m e t e r s ;  t h e  o r i f i c e  d i a m e t e r  w a s  v e r y  
s m a l l  a n d  w i r e  m e s h  f i l t e r s  h a d  t o  b e  i n s t a l l e d  i n  t h e  f e e d  
l i n e s  t o  p r e v e n t  f o u l i n g .
5 . 2 . 3 .  C o n c e n t r a t i o n  M e a s u r e m e n t  S y s t e m .
T h i s  i s  a  t y p e  o f  m e a s u r e m e n t  o f t e n  c r i t i c i s e d  o n  
g r o u n d s  o f  i n a c c u r a c y  ( 8 5 )  a n d  t h u s  e x t r a  c a r e  w a s  t a k e n .
T h e  d i r e c t  m e a s u r e m e n t  o f  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n  i n  
t h e  r e a c t o r  o u t l e t  s t r e a m  w a s  n o t  p o s s i b l e  b y  a  c o n d u c t i v i t y  
m e t h o d  b e c a u s e  o f  t h e  p r e s e n c e  o f  s o d i u m  a c e t a t e .  T h e r e f o r e  
i t  w a s  n e c e s s a r y  t o  d e v e l o p  a  r e l a t i o n s h i p  w h e r e b y  t h e  
r e q u i r e d  c o n c e n t r a t i o n  c o u l d  b e  i n f e r r e d  f r o m  a  m e a s u r e m e n t  
r e l a t e d  t o  t h e  c o n d u c t i v i t y  a n d  t e m p e r a t u r e  o f  t h e  o u t l e t  
s t r e a m .
A t  h i g h  d i l u t i o n  t h e  g e n e r a l  r e l a t i o n  ( 5 8 )  
e . K ( j , g  — Z  n  j  * U j  .  c  j  . . . . • • • • • ( 5 . 1 )
e x i s t s ,
w h e r e  e  i s  t h e  p o t e n t i a l  g r a d i e n t ,
K ^ , g  i s  t h e  s o l u t i o n  c o n d u c t i v i t y  a t  t e m p e r a t u r e  T S ,  
n j  i s  t h e  i o n i c  c h a r g e ,
6 3
U j  i s  t h e  i o n i c  m o b i l i t y ,  
a n d  C j  i s  t h e  i o n i c  c o n c e n t r a t i o n .
T e m p e r a t u r e  c o n s i d e r a b l y  a f f e c t s  c o n d u c t i v i t y  a n d  
m o s t  s o l u t i o n s  o b e y  a  p o l y n o m i a l  e q u a t i o n  o f  t h e  f o r m
K t s  = K t q . ( 1  + a . ( T S - T O )  + b .  ( T S - T O ) 2 )  .......................... ( 5 . 2 )
w h e r e  a  a n d  b  a r e  c o n s t a n t s
a n d  T O  i s  a  r e f e r e n c e  t e m p e r a t u r e .
T h e  d o m i n a n t  c o n d u c t i n g  s p e c i e s  i n  t h e  r e a c t i n g  
s o l u t i o n  a r e  N a ,  O H "  a n d  C H 3 C O O "  i o n s .  I f  t h e  r e a c t a n t  
f e e d s  a r e  i n  s t o i c h i o m e t r i c  p r o p o r t i o n s  o f  c o n c e n t r a t i o n  y  
a n d  t h e  p r o d u c t s  o f  c o n c e n t r a t i o n ^ y - C A ] t h e n  a p p l y i n g  
e q u a t i o n s  ( 5 .  |  a n d  ( 5 . 2 )  t h e  t o t a l  c o n d u c t i v i t y  m a y  b e  d e s c r i b e d  
b y
K T S  = ( K o  ) i . y  • C 1  + a i . ( T S - T O )  + b i . ( T S - T O ) 2 )
+ ( K o  ] 2 l  C A  , ( 1  + a 2 . ( T S - T O )  + b 2 . ( T S - T O ) 2 )
+ f K o  ] 3 j r c 4 ( l  + a 3 .  ( T S - T O )  + b 3 . ( T S - T O ) 2 )  _______ ( 5 . 3 )
w h e r e  s u b s c r i p t s  ( i )  r e f e r  t o  s o d i u m  i o n s
( 2 )  r e f e r  t o  h y d r o x y l  i o n s
a n d  ( 3 )  r e f e r  t o  a c e t a t e  i o n s .  ( K o = c o n s t a n t ]
I f  T O  i s  c h o s e n  t o  b e  e q u a l  t o  z e r o ,  e q u a t i o n  ( 5 . 3 )  
m a y  b e  r e a r r a n g e d  t o  y i e l d  a n  e x p r e s s i o n  o f  t h e  f o r m
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P  x . K T  o  + P 2 . T S  + P 3 + P s . T S 2
C A  =  — .................................................................................   ( 5 . 4 )
1  + P ^ . T S  + P s . T S 2
w h e r e  P ^ ,  i  = 1  t o  6  a r e  c o n s t a n t s .
A l t e r n a t i v e l y ,  i f  o n l y  a  l i n e a r  c o n d u c t i v i t y /  
t e m p e r a t u r e  r e l a t i o n s h i p  e x i s t s ,  t h e n  P 5 a n d  P 6 b e c o m e  e q u a l  
t o  z e r o .  A l s o ,  K , p g  a n d  T S  m a y  b e  r e p l a c e d  b y  A D C  n u m b e r s  
c o r r e s p o n d i n g  t o  c o n d u c t i v i t y  ( I C )  a n d  s o l u t i o n  t e m p e r a t u r e  
( I T )  r e s p e c t i v e l y .  T h i s  i s  p o s s i b l e ,  w i t h o u t  c h a n g i n g  t h e  
f o r m  o f  e q u a t i o n  ( 5 . 4 ) ,  b e c a u s e
( a )  T h e  c o n d u c t i v i t y  m o n i t o r ' s  e l e c t r i c a l  o u t p u t  
i s  l i n e a r  w i t h  r e s p e c t  t o  m e a s u r e d  
c o n d u c t i v i t y ;
( b )  t h e  r e l a t i o n s h i p  b e t w e e n  t e m p e r a t u r e  s e n s o r  
e l e c t r i c a l  o u t p u t  a n d  t e m p e r a t u r e  i s  
a p p r o x i m a t e l y  l i n e a r .
T h u s  t h e  f i n a l  f o r m  o f  r e l a t i o n s h i p  i s
q i . I C  + q 2 . I T  + q 3 + q 5 . I T 2 r c
C A  =      ( 5 . 5 )
1  + q i * . I T  + q e . I T 2 
w h e r e  q ^ ,  i  = 1  t o  6  a r e  c o n s t a n t s .
5 . 2 . 3 . 1 .  C a l i b r a t i o n  M e t h o d s .
T w o  m e t h o d s  w e r e  u s e d ,  o n l y  o n e  o f  w h i c h  p r o v e d  
s a t i s f a c t o r y .
F i r s t l y ,  a  b a c k  t i t r a t i o n  m e t h o d  w a s  u s e d  t o  e s t i m a t e
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A  m e a s u r e d  s a m p l e  w a s  a d d e d  t o  a  k n o w n  e x c e s s  v o l u m e  o f  
h y d r o c h l o r i c  a c i d  t o  s t o p  t h e  r e a c t i o n .  T h i s  p r o c e d u r e  
w a s  f o u n d  t o  b e  u n s a t i s f a c t o r y  b e c a u s e  a  s p e e d i l y  o b t a i n e d  
a c c u r a t e  s a m p l e  v o l u m e  c o u l d  n o t  b e  e a s i l y  a d d e d  t o  t h e  
h y d r o c h l o r i c  a c i d .
S e c o n d l y ,  u n r e a c t i n g  s o l u t i o n s  w e r e  m a d e  u p  w h i c h  
c o r r e s p o n d e d  t o  t h e  c o r r e c t  c o n c e n t r a t i o n s  o f  t h e  d o m i n a n t  
i o n i c  s p e c i e s  ( 1 0 8 ) .  S e v e n  d i f f e r e n t  a c c u r a t e  s o l u t i o n s  
w e r e  p r e p a r e d ,  c o v e r i n g  t h e  e x p e r i m e n t a l  r a n g e  o f  i n t e r e s t .
T h e s e  s o l u t i o n s  w e r e  p a s s e d  t h r o u g h  t h e  c e l l  a n d  
h e a t e d  o r  c o o l e d . '  M e a s u r e m e n t s  w e r e  r e c o r d e d  a n d  a  s e t  o f  
c o n d u c t i v i t y / t e m p e r a t u r e  d a t a  g e n e r a t e d  f o r  e a c h  s o l u t i o n .  
T w o  t h e r m o c o u p l e s  w e r e  u s e d  t o  v e r i f y  t h a t  t h e r e  w a s  n o  
t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  c e l l  d u r i n g  c a l i b r a t i o n .  
S o m e  r u n s  w e r e  r e p e a t e d  a n d  r e p r o d u c i b l e  r e s u l t s  w e r e  
o b t a i n e d .
T h e  e x p e r i m e n t s  p r o d u c e d  t h r e e  s e t s  o f  d a t a : -
( i )  C o n c e n t r a t i o n s  o f  N a O H  ( C A )
( i i )  A D C  n u m b e r s  c o r r e s p o n d i n g  t o  c o n d u c t i v i t y  ( I C )  
( i i i )  A D C  n u m b e r s  c o r r e s p o n d i n g  t o  s o l u t i o n  
t e m p e r a t u r e  ( I T )
t h e  c o n c e n t r a t i o n  o f  NaOH i n  t h e  r e a c t o r  o u t l e t  s t r e a m .
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T h u s  i s  w a s  p o s s i b l e  t o  d e t e r m i n e  t h e  1s  o f
e q u a t i o n  ( 5 . 5 ) .  A  s e a r c h  p r o c e d u r e  m a y  b e  u s e d ,  b u t  w i t h  
s o  m a n y  u n d e t e r m i n e d  c o n s t a n t s ,  g o o d  s t a r t i n g  v a l u e s  w o u l d  
b e  n e c e s s a r y .  I t  w a s  p o s s i b l e  t o  o b t a i n  b o t h  t h e s e  a n d  
a l s o  i n f o r m a t i o n  o n  t h e  t y p e  o f  c o n d u c t i v i t y / t e m p e r a t u r e  
d e p e n d e n c e  b y  a  r e a r r a n g e m e n t  o f  e q u a t i o n  ( 5 . 5 ) ,  t o  g i v e  
t h e  i n v e r s e  c a l i b r a t i o n  r e l a t i o n s h i p
w e r e  f i t t e d  t o  t h e  d a t a  b y  r e g r e s s i o n  a n a l y s i s  f o r  t h e  s e v e n  
d i f f e r e n t  s o l u t i o n s .  T h e  e f f e c t  o f  d r o p p i n g  t h e  l a s t  t e r m  
w a s  a l s o  i n v e s t i g a t e d .  T h e  r e s u l t s  a p p e a r  i n  T a b l e s  5 . 9  a n d  
5 . 1 0 .  I t  w a s  a p p a r e n t  t h a t  t h e  i n c l u s i o n  o f  t h e  l a s t  t e r m  
w a s  u n d e s i r a b l e ,  a s  l i t t l e  i m p r o v e m e n t  w a s  o b t a i n e d  w i t h  i t s  
r e t e n t i o n  a n d  a s  i t s  n u m e r i c a l  c h a r a c t e r i s t i c s  w e r e  i n c o n s i s t e n t .  
T h e  l i n e a r  v e r s i o n  o f  e q u a t i o n  ( 5 . 6 )  i s  p l o t t e d  a s  a  l i n e ,  
w i t h  e x p e r i m e n t a l  d a t a  a s  s y m b o l s ,  i n  F i g u r e  5 . 7 .
d e t e r m i n e d  b y  r e g r e s s i o n  a n a l y s i s .  T h e s e  w e r e  t h e n  u s e d  a s  
s t a r t i n g  p o i n t s  i n  a  p a t t e r n  s e a r c h  p r o c e d u r e  a n d  f o u n d  t o  b e  
v e r y  c l o s e  t o  t h e  b e s t  v a l u e s .  T h e  r e s u l t s  a r e  p r e s e n t e d  f o r  
c o m p a r i s o n  i n  T a b l e  5 . 1 1 .  G r a p h i c a l  p r e s e n t a t i o n  o f  t h e  
c a l i b r a t i o n  c u r v e  a p p e a r s  i n  F i g u r e  5 . 8 .  T h e o r e t i c a l  
c o n c e n t r a t i o n s  a r e  s h o w n  a s  s y m b o l s .
I C  = f g - A - q s ) . + f C A . q ^ - q a ( 5 . 6 )
A c c o r d i n g l y ,  t h e  b r a c k e t e d  t e r m s  i n  e q u a t i o n  ( 5 . 6 )
U s i n g  t h e  d a t a  f r o m  T a b l e  5 . 9 ,  v a l u e s  f o r  q i - q i *  w e r e
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I t  w a s  d e c i d e d  t h a t  t h e  f o u r  m a j o r  m a n i p u l a t e d  
v a r i a b l e s ,  F A ,  F B ,  F C  a n d  T C I  w o u l d  b e  r e g u l a t e d  b y  d i r e c t  
d i g i t a l  c a s c a d e  c o n t r o l  l o o p s  w h o s e  s e t  p o i n t s  c o u l d  b e  
a d j u s t e d  b y  c o m p u t e r .  T h u s  i t  w a s  n e c e s s a r y  t o  d e t e r m i n e :
( a )  t h e  t y p e  o f  c o n t r o l  a l g o r i t h m  t o  b e  u s e d ;
( b )  t h e  s a m p l i n g  f r e q u e n c y .
T h e  c o n t r o l  a l g o r i t h m s  i n  g e n e r a l  u s e  f o r  D D C  
p u r p o s e s  a r e  d i g i t a l  f o r m s  o f  a n a l o g  t w o  o r  t h r e e  t e r m  
c o n t r o l l e r s .  H o w e v e r ,  o t h e r  f o r m s  s u c h  a s  d i g i t a l  
c o m p e n s a t o r s  ( 1 0 0 )  m a y  b e  u s e d .  I n  v i e w  o f  t h e  l a r g e  
b o d y  o f  t h e o r y  a n d  e x p e r i e n c e  t h a t  a l r e a d y  e x i s t e d  i n  
t u n i n g  a n a l o g  c o n t r o l l e r s ,  t h e i r  d i g i t a l  c o u n t e r p a r t s  w e r e  
u s e d  i n  t h i s  a p p l i c a t i o n .
S e v e r a l  a u t h o r s  ( 1 0 ) ,  ( 5 1 )  h a v e  q u e s t i o n e d  t h e  
u s e f u l n e s s  o f  a  d e r i v a t i v e  t e r m  i n  a  D D C  e n v i r o n m e n t  a n d  i n  
t h e  l i g h t  o f  t h e i r  c o m m e n t s  o n l y  p r o p o r t i o n a l  p l u s  i n t e g r a l  
( P  + I )  c o n t r o l  w a s  u s e d .
T h e r e  h a s  b e e n  c o n s i d e r a b l e  c o n t r o v e r s y  o v e r  t h e  
c h o i c e  o f  s a m p l i n g  f r e q u e n c y  f o r  a  p a r t i c u l a r  c o n t r o l  l o o p  
( 1 0 ) ,  ( 5 1 ) ,  ( 1 4 2 ) .  H o w e v e r ,  K a l m a n  a n d  B e r t r a m  ( 6 9 )  s u g g e s t  
t h a t  t h e  t i m e  b e t w e e n  s a m p l e s  b e  n o t  l e s s  t h a n  1 0 %  o f  t h e  
d o m i n a n t  t i m e  c o n s t a n t  o f  t h e  p r o c e s s  a n d  a  r e l a t i o n s h i p  o f  
t h i s  f o r m  s e e m s  t h e  m o s t  l o g i c a l .  O n  t h e  b a s i s  o f  t h e
5 . 3 .  C o n t r o l  S u b s y s t e m s  A n a l y s i s .
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f o r e g o i n g ,  0 . 1  s e c o n d s  w a s  c h o s e n  a s  a  r e a s o n a b l e  s a m p l i n g  
i n t e r v a l  f o r  a l l  l o o p s .
5 . 3 . 1 .  C o n t r o l l e r  T u n i n g .
I t  w a s  d e e m e d  n e c e s s a r y  t o  s p e n d  c o n s i d e r a b l e  t i m e  o n  
t h e  d e t e r m i n a t i o n  o f  s u i t a b l e  c o n t r o l l e r  g a i n s .  T h i s  a p p r o a c h  
w a s  m o t i v a t e d  b y  t h e  f a c t  t h a t  t h e  b e s t  o v e r a l l  s y s t e m  
b e h a v i o u r  c a n n o t  b e  a c h i e v e d  u n t i l  a l l  s u b s y s t e m s  a r e  w o r k i n g  
e f f i c i e n t l y .
M o o r e ,  S m i t h  a n d  M u r r i l l  ( 9 8 )  h a v e  p r e s e n t e d  a  
t e c h n i q u e  t h a t  e x t e n d s  m a n y  w e l l  e s t a b l i s h e d  a n a l o g  t u n i n g  
m e t h o d s  t o  t h e i r  d i g i t a l  c o u n t e r p a r t s .  B r i e f l y ,  w i t h i n  
c e r t a i n  r e s t r i c t i o n s ,  t h e y  s t a t e  t h a t  a  d i s c r e t e  c o n t r o l  
s y s t e m  c o n t a i n i n g  a  s a m p l i n g  d e v i c e  m a y  b e  s u c c e s s f u l l y  
a p p r o x i m a t e d  b y  a n  e q u i v a l e n t  c o n t i n u o u s  s y s t e m  c o n t a i n i n g  
a  p u r e  d e a d  t i m e  o f  6 t / 2 ,  w h e r e  S t  i s  t h e  s a m p l i n g  i n t e r v a l .  
W i t h  a  s a m p l i n g  i n t e r v a l  o f  0 . 1  s e c o n d s ,  t h i s  d e a d  t i m e  w a s  
n e g l i g i b l e  a n d  t h e  a n a l o g  t u n i n g  t e c h n i q u e s  c o u l d  b e  a p p l i e d  
w i t h o u t  m o d i f i c a t i o n .
M o s t  o f  t h e  a v a i l a b l e  t u n i n g  t e c h n i q u e s  a r e  
c h a r a c t e r i s e d  b y  t w o  s t e p s .
( a )  T h e  p r o c e s s  i s  r e p r e s e n t e d  b y  a  f i r s t  
o r  s e c o n d  o r d e r  p l u s  d e a d  t i m e  m o d e l .
( b )  C o n t r o l l e r  p a r a m e t e r s  b a s e d  o n  t h e  
m o d e l  a n d  s u i t a b l e  c r i t e r i a  a r e  s e l e c t e d .
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T h e  e a r l i e r  m e t h o d s  o f  Z i e g l e r  a n d  N i c h o l s  ( 1 4 3 )  
a n d  C o h e n  a n d  C o o n  ( 2 5 )  u t i l i s e d  f i r s t  o r d e r  m o d e l s  w h i l s t  
l a t e r  w o r k e r s  s u c h  a s  L o p e z  e t  a l .  ( 8 7 )  s o u g h t  t h e  i m p r o v e d  
m o d e l l i n g  a b i l i t y  o f  a  s e c o n d  o r d e r  m o d e l .  R e c e n t l y ,  
K e g e r r e i s  a n d  W e i g a n d  ( 7 3 )  s u r v e y e d  v a r i o u s  m e t h o d s  f o r  a  
s e c o n d  o r d e r  s y s t e m  a n d  c o n c l u d e d  t h a t  t h e  f i r s t  o r d e r  
m e t h o d s  g a v e  r e s u l t s  " a s  g o o d  o r  b e t t e r  w h e n  c o m p a r e d  w i t h  
t h e  n e w e s t  c o n t r o l l e r  t e c h n i q u e s  b a s e d  o n  i n t e g r a l  p e r f o r m a n c e  
c r i t e r i a " .  H o w e v e r ,  a d d i t i o n a l  p u b l i s h e d  w o r k  h a s  r e p o r t e d  
t h a t  f o r  c o m p l e x  s y s t e m s ,  t h e  f i t t i n g  o f  s i m p l e  m o d e l s  m a y  b e  
i n a d e q u a t e  ( 5 3 ) .  I t  w a s  t h e r e f o r e  d e c i d e d  t o  a t t e m p t  t o  
d i r e c t l y  i d e n t i f y  t h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  o f  t h e  
i n d i v i d u a l  c o n t r o l  l o o p s  a n d  t o  u s e  t h e  m e t h o d s  o f  Z i e g l e r  
a n d  N i c h o l s  a n d  t h o s e  o f  C o h e n  a n d  C o o n  f o r  c o m p a r i s o n  a n d  
c h e c k i n g  p u r p o s e s .
5 . 3 . 2 .  I d e n t i f i c a t i o n  o f  L o o p  T r a n s f e r  F u n c t i o n .
T h e  i d e n t i f i c a t i o n  m e t h o d  u s e d  h a d  n o t  p r e v i o u s l y  
b e e n  w i d e l y  t e s t e d .  T h e  w o r k  p r e s e n t e d  i n  t h i s  s e c t i o n  s h o w s  
t h e  t e c h n i q u e  t o  b e  r o b u s t  a n d  u s e f u l l y  a p p l i c a b l e  t o  r e a l  
p r a c t i c a l  p r o b l e m s ;  i t  w i l l  b e  c a l l e d  t h e  S u m m e d  S i n e  W a v e  
M e t h o d  ( S S W M ) .
T h e  m e t h o d  c o n s i s t s  o f  a p p l y i n g  a  s i g n a l  t o  t h e  
p r o c e s s  u n d e r  t e s t  i n  o p e n  l o o p  m o d e  a n d  r e c o r d i n g  t h e  o u t p u t .  
T h e  t e s t  s i g n a l ,  a ( t ) ,  i s  c o m p o s e d  o f  d i s c r e t e  f r e q u e n c y  s i n e  
w a v e s
7 0
a  ( t )  
w h e r e
a n d
b ( t ) ,
N w  /
= I A M . . s i n  ( 2 . i T . f . . t ) / 2 +  P  ....................................................................... ( 5 . 7 )
i = l  1  ' e
N w  i s  t h e  n u m b e r  o f  d i s c r e t e  f r e q u e n c i e s ,  f -
A M ^  i s  t h e  a m p l i t u d e  o f  t h e  i  t h  w a v e  
t  i s  t i m e  f r o m  s i g n a l  i n c e p t i o n  
P e  i s  t h e  p e r t u r b a t i o n  l e v e l .
T h e  s i g n a l  h a s  t h e  f o l l o w i n g  a d v a n t a g e o u s  p r o p e r t i e s ' .
( a )  I t  i s  s i m p l e  t o  c o n s t r u c t .
(b)  T h e  p o w e r  s p e c t r u m  m a y  b e  a l t e r e d  a t  
w i l l  a n d  h i g h  f r e q u e n c y  w a v e s  m a y  b e
g i v e n  h i g h e r  a m p l i t u d e s  t o  o f f s e t
p r o c e s s  a t t e n u a t i o n .
• ( c )  T h e  s i g n a l  r e p e a t s  a f t e r  a  c e r t a i n
t i m e  i n t e r v a l  a n d  m a y  b e  p r e c o m p u t e d  
a n d  s t o r e d  a s  a  t i m e  s e r i e s .
( d )  A n a l y s i s  i s  s i m p l e  a n d  s t r a i g h t f o r w a r d .
T h e  t h e o r y  o f  t h e  m e t h o d  w i l l  n o w  b e  b r i e f l y  s e t  o u t .
F o r  a  l i n e a r  p r o c e s s  w i t h  a n  i n p u t  a ( t )  a n d  o u t p u t
t h e  r e l a t i o n s h i p  b e t w e e n  i n p u t  a n d  o u t p u t  i s
b ( t )  = h  ( t ) .  a  ( t - T ) . d r  . . . .  
w h e r e  h ( x )  i s  t h e  p r o c e s s  i m p u l s e  r e s p o n s e  
a n d  t  i s  a  t i m e  l a g .
( 5 . 8 )
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B  ( w )  = H ( w )  . A  ( w )  ................ -...........................   ( 5 . 9 )
w h e r e  H ( w )  i s  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n
a n d  B ( w )  a n d  A ( w )  a r e  t h e  F o u r i e r  t r a n s f o r m s  o f
b ( t )  a n d  a ( t )  r e s p e c t i v e l y .  *
a ( t )  a n d  b ( t )  w i l l ,  i n  p r a c t i c e ,  u s u a l l y  b e  i n  t h e  
f o r m  o f  a  s e t  o f  N  s a m p l e s ,  a ^  a n d  b . ,  i  = 1  t o  N .  T h e  
s a m p l i n g  i n t e r v a l ,  < 5 t ,  m u s t  b e  c h o s e n  s o  t h a t  t h e  N y q u i s t  
f r e q u e n c y  ( 2 i r / 6 t  r a d i a n s / s e c )  i s  h i g h e r  t h a n  a l l  p r o c e s s  
f r e q u e n c i e s  o f  i n t e r e s t .  A n y  p o w e r  a t  f r e q u e n c i e s  h i g h e r  
t h a n  t h i s  w i l l  b e  ’ a l i a s e d ’ a t  l o w e r  f r e q u e n c i e s .  T h e  N  
a r f s  a n d  b r f s  s h o u l d  b e  c o r r e c t e d  t o  z e r o  m e a n  a n d  a s s e s s e d  
f o r  t r e n d  v a r i a t i o n s .  I n  t h e s e  e x p e r i m e n t s ,  t h e  l e n g t h  o f  
t h e  t i m e  s e r i e s  w a s  s u c h  t h a t  t r e n d  v a r i a t i o n s  w e r e  n e g l i g i b l e .  
I n  a  p r a c t i c a l  s i t u a t i o n  t h e  N  b r f s  m a y  b e  c o r r u p t e d  w i t h  
n o i s e ,  b u t  p r o v i d e d  t h e  n o i s e  i s  G a u s s i a n  w i t h  z e r o  m e a n ,  
t e c h n i q u e s  e x i s t  f o r  c o r r e c t i n g  t h e  r e s u l t s . .  T y p i c a l l y ,  i t  
i s  p o s s i b l e  t o  d e r i v e  t h e  p r o c e s s  f r e q u e n c y  r e s p o n s e  f r o m  
e i t h e r
( a )  r e l a t i o n s h i p s  i n v o l v i n g  F o u r i e r  t r a n s f o r m s  o f  
a u t o  a n d  c r o s s - c o r r e l a t i o n  f u n c t i o n s  o f  i n p u t  
a n d  o u t p u t
o r  ( b )  a v e r a g i n g  i n p u t  a n d  o u t p u t  s i g n a l s  p r i o r  t o  
d i r e c t  F o u r i e r  t r a n s f o r m a t i o n .
I n  t e r m s  o f  a n g u l a r  f r e q u e n c y ,  w ,
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T h i s  m e t h o d  h a s  t h e  a d v a n t a g e  t h a t  G o o d m a n  ( 4 6 )  
h a s  d e r i v e d  a  p r o c e d u r e  w h i c h  m a y  b e  u s e d  t o  f i n d  
c o n f i d e n c e  l i m i t s  o f  t h e  f i n a l  s p e c t r a l  e s t i m a t e s  u s i n g  
t h e  c o h e r e n c e  b e t w e e n  t h e  a r i s  a n d  t r a ' s .
A  v a l u e  o f  t h e  a u t o c o r r e l a t i o n  f u n c t i o n ,  C  ,  o f
a a  ’
t h e  a r i s  m a y  b e  e s t i m a t e d  f r o m
N - m
^C a a ^ m .  S t  = N + S  E .  a n *  a n + m  ............................................ ( 5 . 1 0 )
n = l
w h e r e  m  i s  t h e  l a g  n u m b e r ,  t / 6 t .
T h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  V s - c b b ’  a n d
t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  b e t w e e n  t h e  a - ’ s  a n d  b . ' s ,i  i  ’
C a b ,  f o l l o w  a n a l o g o u s l y .  B y  a c c u m u l a t i n g  t h e s e  e s t i m a t e s  
f o r  t h e  s e r i e s  m = o , l , . . . , R  e s t i m a t e s  o f  ( C a a ) T > ( C b b ¥  a n ^
(C )
a b 9 T  s a m p l e d  a t  <5t a n d  t r u n c a t e d  a t  t  = < 5 t . R  m a y  b e  d e r i v e d
R  i s  k n o w n  a s  t h e  r e s o l u t i o n  n u m b e r .
A p p l i c a t i o n  o f  t h e  F F T  t o  t h e  c o r r e l a t i o n  f u n c t i o n s  
y i e l d s  a  s e r i e s  o f  d i s c r e t e  e s t i m a t e s  o f  t h e  p o w e r  d e n s i t y  
s p e c t r a  $ a a >  * b b >  a n d  $ a b .
I n  d i s c r e t e  f o r m ,  e q u a t i o n  ( 5 . 9  ) m a y  b e  r e a r r a n g e d  a n d  
r e w r i t t e n  a s
Hw ■ V Aw = C$ abU^ .................................C5 - 11)
5 . 3 . 2 . 1 .  M e t h o d  ( a ) .
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T h u s  d i v i s i o n  o f  t h e  t w o  r e l e v a n t  p o w e r  d e n s i t y  
s p e c t r a  y i e l d s  a s  a  s e r i e s  o f  c o m p l e x  n u m b e r s  f r o m  
w h i c h  g a i n  a n d  p h a s e  i n f o r m a t i o n  a t  e a c h  f r e q u e n c y  o f  
i n t e r e s t  m a y  b e  o b t a i n e d .
I n  p r a c t i c a l  c a s e s ,  t r u n c a t i o n  o f  t h e  c o r r e l a t i o n  
f u n c t i o n s  m a y  c a u s e  t h e  s p e c t r a l  e s t i m a t e s  t o  b e  ’ b l u r r e d ’ 
I n  s u c h  c a s e s ,  s p e c t r a l  ’ w i n d o w s ’ ( 5 4 ) ,  ( 5 7 )  m a y  b e  u s e d  
t o  s m o o t h  t h e  e s t i m a t e s .  H o w e v e r ,  i n  t h e s e  e x p e r i m e n t s  
' w i n d o w s ’ w e r e  f o u n d  t o  b e  u n n e c e s s a r y .
G o o d m a n  ( 4 6 ) .  h a s  s h o w n  t h a t  t h e  s t a b i l i t y  o f  t h e  
e s t i m a t e s  o b t a i n e d  f r o m  t h e  a b o v e  m e t h o d  w i l l  b e  s u c h  t h a t
P r o b
A
A G
P  - P < e  a n d -  1 < s i n  eW W
G
w *
* 1"-
r l - y
U " Y W - c o s  e  .
k / 2
( 5 . 1 2 )
w h e r e  P ^  a n d  G  a r e  t h e  t r u e  p h a s e  a n d  g a i n  a t  f r e q u e n c y  w
/ \  A
P w  a n d  G ^  a r e  t h e  e s t i m a t e d  p h a s e  a n d  g a i n  a t  
f r e q u e n c y  w
Y 2 i s  t h e  c o h e r e n c e  b e t w e e n  a . ' s  a n d  b . ’ s  a t  
w  1 1
r f  = 
w
a n g u l a r  f r e q u e n c y  w  d e f i n e d  b y
K b)WI
^aa^w*
( 5 . 1 3 )
b t r  w
a n d
o  < Y 2 < 1
k  = 2 N / R ,  w  f  o  .................................................................................................. ( 5 . 1 4 )
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I
o r  k  =  N / R ,  w  = o  ....................................................................................... ( 5 . 1 5 )
H i g h  c o h e r e n c i e s  i n d i c a t e  l i t t l e  c o r r u p t i n g  
n o i s e .  I t  m a y  b e  n o t e d  t h a t  i n c r e a s i n g  R  c a u s e s  t h e  
p r o b a b l e  e r r o r  o f  t h e  e s t i m a t e s  t o  i n c r e a s e .
5 . 5 . 2 . 2 .  M e t h o d  ( b ) .
T h i s  i s  a  m u c h  s i m p l e r  m e t h o d  b u t  g i v e s  n o  
i n f o r m a t i o n  o n  t h e  v a l i d i t y  o f  t h e  r e s u l t s .  T h e  F F T  
i s  a p p l i e d  d i r e c t l y  t o  t h e  z e r o - m e a n  c o r r e c t e d ,  a v e r a g e d ,  
s a m p l e d  v a l u e s  o f  a ( t )  a n d  b ( t ) .  T h e  r e s u l t i n g  s e r i e s
a n d  B  a r e  d i v i d e d  t o  y i e l d  a c c o r d i n g  t o  e q u a t i o n  ( 5 . 1 1 . )
5 . 5 . 2 . 3 .  P r a c t i c a l  E x p e r i m e n t s .
A  s e r i e s  o f  p r a c t i c a l  e x p e r i m e n t s  w e r e  p l a n n e d  t o  
t e s t  b o t h  m e t h o d s .  P r e l i m i n a r y  e x p e r i m e n t s  w e r e  d e s i g n e d  
t o  i n v e s t i g a t e  t h e  e f f i c a c y  o f  a p p l y i n g  t h e  S S W M  t o  f i r s t  
a n d  s e c o n d  o r d e r  s y s t e m s  s i m u l a t e d  o n  t h e  a n a l o g  c o m p u t e r .
I n  p a r t i c u l a r ,  i t  w a s  d e s i r e d  t o  a s s e s s  t h e  e f f e c t s  o f
( a )  d i f f e r e n t  s a m p l i n g  f r e q u e n c i e s  a n d  
r e s o l u t i o n s
( b )  d i f f e r e n t  s i n e  w a v e  a m p l i t u d e s
( c )  d i f f e r e n t  s p e c t r a l  e n v e l o p e  s h a p e s .
75
5 . 1 2 .  T h e  d i g i t a l  c o m p u t e r  w a s  u s e d  f o r  a l l  d a t a  
p r o c e s s i n g  a n d  t h e  a n a l o g  c o m p u t e r  f o r  a l l  s y s t e m  
s i m u l a t i o n .  A l l  e x p e r i m e n t s  w e r e  s u c c e s s f u l  a n d  t y p i c a l  
g r a p h i c a l  r e s u l t s  a r e  r e p r e s e n t e d  i n  F i g u r e s  5 . 9  -  5 . 1 6 .
I n  t h e  f i g u r e s ,  s y m b o l s  r e p r e s e n t  s p e c t r a l  e s t i m a t e  
c o n f i d e n c e  l i m i t s  a n d  t h e  l i n e s  r e p r e s e n t  t r u e  v a l u e s .
A l l  r e s u l t s  w e r e  e v a l u a t e d  b y  b o t h  m e t h o d s ,  a l t h o u g h  
t h e  g r a p h s  s h o w  o n l y  M e t h o d  ( a ) . G o o d  a g r e e m e n t  w a s  
o b t a i n e d  b e t w e e n  e a c h  m e t h o d ,  w i t h  t h e  r e s u l t s  f r o m  M e t h o d
( b )  f a l l i n g  w i t h i n  t h e  c o n f i d e n c e  l i m i t s  o f  M e t h o d  ( a ) . 
B e c a u s e  o f  t h e  l o w  n o i s e  l e v e l s  p r e s e n t  o n  t h e  a n a l o g  
c o m p u t e r ,  v e r y  h i g h  c o n f i d e n c e  l i m i t s  c o u l d  b e  p l a c e d  o n  
t h e  e s t i m a t e s .
T h e  g e n e r a l  t e s t ,  F i g u r e s  5 . 9  a n d  5 . 1 0 ,  s h o w s  t h a t  
t h e  m e t h o d s  w o r k e d  w e l l  f o r  a  f i r s t  o r d e r  l i n e a r  s y s t e m .  
R e s u l t s  a t  f i f t y  f r e q u e n c i e s  o f  i n t e r e s t  w e r e  e v a l u a t e d  
i n  a  s i n g l e  e x p e r i m e n t  a n d  g o o d  a g r e e m e n t  b e t w e e n  t h e o r y  
a n d  e x p e r i m e n t  w a s  o b t a i n e d .
A  r e p e t i t i o n  o f  t h e  e x p e r i m e n t ,  F i g u r e s  5 . 1 1  a n d
5 . 1 2 ,  u s i n g  f e w e r  w a v e s  o f  s m a l l e r  a m p l i t u d e  s h o w s  t h a t  t h e  
t e c h n i q u e s  w e r e  s u i t a b l e  f o r  s y s t e m s  w h e r e  o n l y  a  s m a l l  
d i s t u r b a n c e  m a y  b e  t o l e r a t e d ,  s u c h  a s  n o n l i n e a r  s y s t e m s  
a m e n a b l e  t o  l o c a l  l i n e a r i s a t i o n .  S l i g h t  o s c i l l a t i o n  a t  
h i g h e r  f r e q u e n c i e s  w i l l  b e  n o t i c e d .
S y s t e m s  u s e d  a n d  a l l  c o n d i t i o n s  a r e  g i v e n  i n  T a b l e
T h e  p r e v i o u s  e x p e r i m e n t  w a s  r e p e a t e d  w i t h  a h i g h e r
M o r e  p o w e r  w a s  p r e s e n t  a t  h i g h  f r e q u e n c i e s  a n d  l e s s  a t  
l o w  f r e q u e n c i e s .  R e s u l t s ,  F i g u r e s  5 . 1 3  a n d  5 . 1 4 ,  s h o w  
a  s l i g h t  i m p r o v e m e n t  i n  e s t i m a t e  q u a l i t y  a n d  l e s s  
o s c i l l a t i o n  a t  h i g h e r  f r e q u e n c i e s .  I t  w a s  c o n f i r m e d  b y  
a  s e p a r a t e  e x p e r i m e n t  t h a t  t h e  h i g h e r  p e r t u r b a t i o n  l e v e l  
a l o n e  w a s  n o t  r e s p o n s i b l e  f o r  t h i s .  A  s e c o n d  o r d e r  s y s t e m  
w a s  a l s o  s u c c e s s f u l l y  i d e n t i f i e d ,  F i g u r e s  5 . 1 5  a n d  5 . 1 6 ,  
a n d  e s t i m a t e  q u a l i t y  r e m a i n e d  h i g h .
H a v i n g  e s t a b l i s h e d  t h a t  t h e  S S W M  g a v e  g o o d  r e s u l t s  
o n  s i m u l a t e d  s y s t e m s ,  i t  w a s  f e l t  w o r t h w h i l e  t o  r e t u r n  t o  
t h e  p r i m a r y  o b j e c t i v e  a n d  e x p l o r e  t h e  f r e q u e n c y  r e s p o n s e  
o f  t h e  c o n t r o l  l o o p s .  I t  w a s  f i r s t  n e c e s s a r y  t o  - c h e c k  
w h e t h e r  t h e  s y s t e m s  w o u l d  b e  a m e n a b l e  t o  i d e n t i f i c a t i o n  b y  
t h e  S S W M .  I t  w a s  f o u n d  t h a t  t h e  c o o l a n t  v a l v e s  e x h i b i t e d  
s t r o n g  h y s t e r i s i s , a s  F i g u r e s  5 . 1 7  a n d  5 . 1 8  s h o w ,  b e c a u s e  o f  
t h e  a b s e n c e  o f  V a l v a c t o r s .  O t h e r  w o r k e r s ,  o n  d i f f e r e n t  
s y s t e m s ,  h a v e  o b t a i n e d  s i m i l a r  r e s u l t s  ( 1 1 2 ) .  H y s t e r i s i s  
i s  n o t  a  t y p e  o f  n o n l i n e a r i t y  w h i c h  m a y  b e  h a n d l e d  b y  l o c a l  
l i n e a r i s a t i o n  a n d  s o  i t  w a s  d e c i d e d  t o  r e s t r i c t  
i d e n t i f i c a t i o n  t e s t s  t o  t h e  r e a c t a n t  f l o w  l o o p s  o n l y .  T h e  
r e a c t a n t  f l o w m e t e r  n o n l i n e a r i t i e s  w e r e  a m e n a b l e  t o  l o c a l  
l i n e a r i s a t i o n  a n d  h y s t e r i s i s  w a s  n e g l i g i b l e ,  a s  m a y  b e  
s e e n  i n  F i g u r e s  5 . 1 9  a n d  5 . 2 0 .  A c c o r d i n g l y  s m a l l  a m p l i t u d e  
d i s t u r b a n c e s  o n l y  w e r e  u s e d  a n d  t h e  e n t i r e  l o o p ,  i n c l u d i n g  
a l l  t r a n s d u c e r s ,  w a s  e x a m i n e d .  T h e  s y s t e m s  a n d  c o n d i t i o n s  
a r e  l i s t e d  i n  T a b l e  5 . 1 3  a n d  t y p i c a l  r e s u l t s  p r e s e n t e d  
g r a p h i c a l l y  i n  F i g u r e s  5 . 2 1  -  5 . 2 4 .  T h e  r e s u l t s ,  a s
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p e r t u r b a t i o n  l e v e l  a n d  a m o d i f i e d  s p e c t r a l  e n v e l o p e .
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e x p e c t e d ,  v a r i e d  w i t h  p e r t u r b a t i o n  l e v e l  b e c a u s e  o f  
s y s t e m  n o n l i n e a r i t y .  F r o m  t h e  g r a p h s  i t  w a s  p o s s i b l e  t o  
e s t i m a t e  c o n t r o l l e r  g a i n s  d i r e c t l y ,  u s i n g  t h e  m e t h o d  o f  
Z i e g l e r  a n d  N i c h o l s  ( 1 4 3 ) .  T h e  u p p e r  c o n f i d e n c e  l i m i t  
w a s  u s e d  f o r  t h i s  p u r p o s e ,  a s  i t  r e p r e s e n t e d  t h e  w o r s t  
c a s e .  N o  t h e o r e t i c a l  e s t i m a t e s  w e r e  a v a i l a b l e  f o r  
c o m p a r i s o n  p u r p o s e s ;  t h i s  w a s  t h e  m a i n  r e a s o n  f o r  c h e c k i n g  
t h e  r e s u l t s .
5 . 3 . 3 .  A l t e r n a t i v e  D e t e r m i n a t i o n s  o f  C o n t r o l l e r  G a i n s .
5 .  3 .  3 . 1 .  R e ' a c t a n t  F l o w  L o o p s .
I t  w a s  d e c i d e d  t o  c h e c k  t h e  i d e n t i f i c a t i o n  r e s u l t s  
b y  c a l c u l a t i n g  c o n t r o l l e r  g a i n s  f r o m  t h e m  a s  p l a n n e d  a n d  
c o m p a r i n g  t h e s e  w i t h  g a i n s  d e t e r m i n e d  b y  o t h e r  m e t h o d s .
T h e  a l t e r n a t i v e s  w e r e  o p e n - l o o p  s t e p  r e s p o n s e  ( 2 5 )  ,  ( 1 4 3 )  
a n d  c o n t i n u o u s - c y c l i n g  ( 1 4 3 )  m e t h o d s .
A  s t e p  w a s  t h e r e f o r e  i n p u t  t o  t h e  s y s t e m s  a t  t h e  s a m e  
p e r t u r b a t i o n  l e v e l s  a t  w h i c h  t h e  S S W M  h a d  b e e n  a p p l i e d .  A  
d i r e c t  s e a r c h  w a s  u s e d  t o  f i t  f i r s t  o r d e r  p l u s  d e a d  t i m e  
m o d e l s  t o  t h e  r e s p o n s e s .  C o n d i t i o n s  a n d  r e s u l t s  a p p e a r  i n  
T a b l e  5 . 1 4 ,  w i t h  t y p i c a l  g r a p h i c a l  r e s u l t s  s h o w n  i n  
F i g u r e s  5 . 2 5  a n d  5 . 2 6 .  ( E x p e r i m e n t a l  d a t a  a r e  s h o w n  a s  
s y m b o l s  a n d  t h e  f i t t e d  m o d e l  a s  a  l i n e ) .
N e x t ,  t h e  c o n t i n u o u s - c y c l i n g  m e t h o d  w a s  e m p l o y e d .  
C o n t r o l l e r  g a i n s  c a l c u l a t e d  f r o m  a l l  m e t h o d s ,  i n c l u d i n g  t h e
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S S W M ,  a r e  s h o w n  i n  T a b l e  5 . 1 5 .  I t  w i l l  b e  n o t i c e d  t h a t  
p r o p o r t i o n a l  g a i n  i s  a  f u n c t i o n  o f  s e t  p o i n t .  T h e r e  w a s  
s o m e  d i s a g r e e m e n t  b e t w e e n  p r e d i c t e d  c o n t r o l l e r  p a r a m e t e r s ,  
s o  a l l  f o u r  s e t s  o f  g a i n s  f o r  t h e  E t A c  v a l v e  a t  a  s e t  
p o i n t  o f  3 . 3 3 E - 6 m 3 / s e c  w e r e  c o m p a r e d  b y  i n v e s t i g a t i n g  t h e  
r e s p o n s e  t o  a  d i s t u r b a n c e  c a u s e d  b y  s w i t c h i n g  o f f  t h e  
f e e d  p u m p  f o r  3  s e c o n d s .  T h e  " g r a p h i c a l  r e s u l t  i n  
F i g u r e  5 . 2 7  s h o w s  t h a t  t h e  g a i n s  d e t e r m i n e d  f r o m  t h e  S S W M  
r e s p o n s e  p r o d u c e d  s u p e r i o r  p e r f o r m a n c e  w h e n  j u d g e d  b y  b o t h  
E | e | ,  2 | e | . t ,  E e 2 a n d  Z e 2 . t  c r i t e r i a ,  w h e r e  e  i s  e r r o r  
b e t w e e n  d e s i r e d  a n d  a c t u a l  v a l u e  a n d  t  i s  t h e  t i m e  f r o m  
i n c e p t i o n  o f  t h e  d i s t u r b a n c e .  T h e s e  a r e  s h o w n  i n -  
T a b l e  5 . 1 6 .
5 . 3 . 3 . 2 .  C o o l a n t  L o o p s .
T h e  c o o l a n t  l o o p  c o n t r o l l e r . w a s  r e q u i r e d  t o  r e g u l a t e  
c o o l a n t  t e m p e r a t u r e  a n d  f l o w r a t e .  I n  v i e w  o f  t h e  s e v e r e  
h y s t e r i s i s  i t  w a s  d e c i d e d  t o  u s e  o n l y  t h e  c o n t i n u o u s - c y c l i n g  
m e t h o d  t o  e n s u r e  s t a b i l i t y .  T h e  f i r s t  d e s i g n ,  w h i c h  
i n v o l v e d  t h e  c o l d  w a t e r  v a l v e  r e g u l a t i n g  f l o w  a n d  t h e  h o t  
w a t e r  v a l v e  t e m p e r a t u r e ,  p r o v e d  u n s a t i s f a c t o r y .  A n  i n t e r ­
a c t i v e  c o n t r o l l e r  w a s  p r o p o s e d  a n d  t h i s  w a s  f o u n d  t o  g i v e  a
m u c h  s u p e r i o r  p e r f o r m a n c e .  E a c h  v a l v e  w a s  c o n f i g u r e d  t o
r e s p o n d  t o  b o t h  t e m p e r a t u r e  a n d  f l o w  e r r o r s  s u c h  t h a t
A C T t  ■ = K T ( e T  + K I t  E e t ) ............................ ............................................  ( 5 . 1 6 )
ACTp = K p ( e p  + K i p  S e p ) ...........  ( 5 . 1 7 )
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ACT cwv -ACTp + ACTT ( 5 . 1 8 )
A C T
H W V
ACTp + ACTt ( 5 . 1 9 )
w h e r e  A C T  i s  c o n t r o l  a c t i o n
K  i s  p r o p o r t i o n a l  g a i n
e  i s  e r r o r  b e t w e e n  d e s i r e d  a n d  a c t u a l  v a L t l e  
K I  i s  i n t e g r a l  g a i n  f o r  u n i t  s a m p l i n g  i n t e r v a l  j
a n d . s u b s c r i p t s  T , F , C W V  a n d  H W V  r e f e r  t o  t e m p e r a t u r e ,  f l o w r a t e ,  
c o l d  w a t e r  v a l v e  a n d  h o t  w a t e r  v a l v e  r e s p e c t i v e l y .
I t  w a s  f o u n d  t h a t  t h e  l o o p s  c o u l d  b e  t u n e d  s e p a r a t e l y .
T h i s  s i m p l i f i c a t i o n  w a s  p o s s i b l e  b e c a u s e  i t  w a s  o b s e r v e d  t h a t  
t e m p e r a t u r e  g a i n s  d i d  n o t  m a r k e d l y  a f f e c t  t h e  c o n t r o l l e r  
s e t t i n g s  o b t a i n e d  f r o m  t h e  c o n t i n u o u s - c y c l i n g  m e t h o d  a p p l i e d  t o  
t h e  f l o w  l o o p .  T h i s  w a s  a s c r i b e d  t o  t h e  f a c t s  t h a t  t h e  v a l v e s  
w e r e  n o m i n a l l y  l i n e a r  a n d  t h e  s u p p l y  p r e s s u r e s  w e r e  e q u a l .  
T h e r e f o r e  t h e  e f f e c t  o f  A C T ^ ,  i n  e q u a t i o n s  ( 5 . 1 8 1  a n d  ( 5 . 1 ? )  w a s  
a p p r o x i m a t e l y  e q u a l  a n d  o p p o s i t e  ( t h e  c o l d  w a t e r  v a l v e  i s  
r e v e r s e  a c t i o n )  a n d  t h e  f l o w r a t e  w a s  n o t  a p p r e c i a b l y  d i s t u r b e d  
b y  t e m p e r a t u r e  c o r r e c t i o n s .
L o w  g a i n s  w e r e  s e t  o n  t h e  t e m p e r a t u r e  l o o p  a n d  t h e  f l o w  l o o p  
t u n e d .  W h e n  t h i s  h a d  b e e n  d o n e ,  t h e  t e m p e r a t u r e  l o o p  w a s  t u n e d .  
T h e  t u n i n g  w a s  p e r f o r m e d  w i t h  t h e  a n a l o g  c o m p u t e r  c i r c u i t  s h o w n  
i n  F i g u r e  5 . 2 8 ,  a n d  r e s u l t s  a r e  s h o w n  i n  T a b l e  5 . 1 7 .  I t  w a s  
f o u n d  t h a t  K i p  w a s  d e p e n d e n t  o n  f l o w  s e t  p o i n t .  A  l i s t  o f  f i n a l  
g a i n s  f o r  e v e r y  c o n t r o l  l o o p  i s  p r o v i d e d  i n  £ a b l e  5 . 1 8 .
8 0
5 . 4 .  O p e r a t i n g  R e c o r d .
I n  o r d e r  t o  c h e c k  t h e  o p e r a t i o n  o f  t h e  s y s t e m  
a n d  c o n t r o l s  i t  w a s  d e c i d e d  t o  a t t e m p t  t o  r e g u l a t e  t h e  
p r o c e s s  a t  a  s t e a d y  s t a t e  a n d  m o n i t o r  t h e  r e s u l t s .
M e a s u r e m e n t s  o f  F A , F B , F C , T A , T B , T , T C I , T C 0  a n d  C A  w e r e  
r e c o r d e d  a t  2 . 5  s e c o n d  i n t e r v a l s  o v e r  a  p e r i o d  o f  1 5  
m i n u t e s .  S o m e  t y p i c a l  r e s u l t s  a r e  s h o w n  i n  F i g u r e s  5 . 2 9  
t o  5 . 3 2 .  I t  w i l l  b e  n o t i c e d  t h a t  a l t h o u g h  s o m e  p r o c e s s
n o i s e  e x i s t s ,  c o n t r o l  i s  a d e q u a t e .
5 . 5 .  M i x i n g  T e s t s .
I t  w a s  n e c e s s a r y  t o  c h e c k  t h e  a s s u m p t i o n  t h a t  t h e  
r e a c t o r  c o n t e n t s  w e r e  p e r f e c t l y  m i x e d .  A n  e x p e r i m e n t  w a s  
d e s i g n e d  t o  a n a l y s e  t h e  r e s p o n s e s  o b t a i n e d  w h e n  i m p u l s e s  
o f  s a t u r a t e d  s o d i u m  h y d r o x i d e  s o l u t i o n  w e r e  i n j e c t e d  i n t o  
t h e  r e a c t o r  i n l e t ,  w h i l s t  t h e  p r o c e s s  w a s  i n  s t e a d y  s t a t e  
w i t h  w a t e r  f e e d s .  C o n d u c t i v i t y  m e a s u r e m e n t s  a t  t h e  r e a c t o r  
o u t l e t  w e r e  l o g g e d  e v e r y  s e c o n d  f r o m  i n j e c t i o n .  T h e  
e x p e r i m e n t  w a s  r u n  w i t h  d i f f e r e n t  a m o u n t s  ( 5 , 1 0 , 1 5  a n d  2 0  c m 3 )  
o f  i n j e c t e d  s u b s t a n c e .
T h e  2 0  c m 3 i n j e c t i o n  w a s  f o u n d  t o  g i v e  p o o r  r e s u l t s  
s i n c e  a n  i m p u l s e  c o u l d  n o t  b e  s a t i s f a c t o r i l y  a p p r o x i m a t e d  
w i t h  s u c h  a  l a r g e  i n j e c t i o n .  T h e  r e m a i n i n g  i m p u l s e  r e s p o n s e s  
a r e  s h o w n  i n  F i g u r e  5 . 3 3 .  T h e  c o m p u t e r  p r o g r a m  u s e d  f o r  
a n a l y s i s  u t i l i s e d  t h e  S a t e r  ( 1 2 0 )  c o r r e c t i o n  t o  c a l c u l a t e  t h e  
m e a n  a n d  v a r i a n c e  o f  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n .  T h i s
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e f f e c t i v e l y  a c c o u n t e d  f o r  i n a c c u r a c i e s  d u e  t o  s m a l l  
c o n d u c t i v i t y  m e a s u r e m e n t s  o c c u r r i n g  l a t e  i n  t h e  d a t a  
s e r i e s .  I t  w a s  c h e c k e d  t h a t  t h e  t a i l s  o f  t h e  s e l e c t e d  
i m p u l s e  r e s p o n s e s  w e r e  e x p o n e n t i a l  d e c a y s  t o  e n s u r e  
c o r r e c t i o n  a p p l i c a b i l i t y .
A  t y p i c a l  r e s u l t  o f  t h e  1 0  c m 3 i n j e c t i o n  i s
s h o w n  i n  F i g u r e  5 . 3 4 .  T a b l e  5 . 1 9  s h o w s  t h e  m e a n ,  v a r i a n c e
a n d  ' i n t e n s i t y '  o f  m i x i n g  f o r  t h e  3  r e s p o n s e s .  I t  w a s  
c o n c l u d e d  t h a t  t h e  a s s u m p t i o n  o f  p e r f e c t  m i x i n g  w a s  v a l i d .
T h e  a c t i v e  r e a c t o r  v o l u m e  w a s  p r e d i c t e d  b y  t h i s  m e t h o d  t o  
b e  b e t w e e n  0 . 0 0 4 9  a n d  0 . 0 0 5 2  m 3 . T h i s  w a s  s o m e w h a t  g r e a t e r  
t h a n  t h e  c a l c u l a t e d  v a l u e  o f  0 . 0 0 4 6 m 3 . A  c o m p r o m i s e  
v a l u e  o f  0 . 0 0 4 8 m . 3 w a s  c h o s e n  f o r  f u t u r e  u s e .
5 . 6 .  T h e  M o d i f i e d  O v e r a l l  H e a t  T r a n s f e r  C o e f f i c i e n t .
A  k n o w l e d g e  o f  t h e  r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  
t h e  f l u i d  s t r e a m s  i n  t h e  r e a c t o r  w a s  r e q u i r e d  i n  o r d e r  t o  
a p p l y  t h e  p r o c e s s  m o d e l s .  T h e  o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  U  a n d  A R  ( t h e  h e a t  t r a n s f e r  s u r f a c e  a r e a )  a r e  
a l w a y s  l u m p e d  t o g e t h e r  i n  t h e  m o d e l s .  S i n c e  A R  i s  c o n s t a n t ,  
i t  s e e m e d  a  p r a c t i c a l  p o l i c y  t o  m o d i f y  U  b y  c o m b i n i n g  i t  
w i t h  A R ,  r e s u l t i n g  i n  U A R ,  t h e  m o d i f i e d  o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  w h o s e  u n i t s  a r e  K W / ° K .
A n  e x p r e s s i o n  f o r  U A R  m a y  b e  d e r i v e d  f r o m  b a s i c  
h e a t  t r a n s f e r  c o n c e p t s  ( 2 7 ) ,  ( 7 5 ) .  B e t w e e n  f l u i d s  o n  e i t h e r  
s i d e  o f  a  t h i n  p a r t i t i o n
8 2
UAR = AR. 1 1± — + JL_ + pp
h o  h i
_ 1
( 5 . 2 0 )
w h e r e  h Q  i s  t h e  c o o l a n t  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t ,
h ^  i s  t h e  r e a c t a n t  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t
a n d  F F  i s  a  w a l l  a n d  f o u l i n g  t h e r m a l  r e s i s t a n c e  t e r m .
I t  w a s  n e c e s s a r y  t o  c o n s i d e r  t h e  t e r m s  i n  
e q u a t i o n  ( s . 2 o ] t
5 . 6 . 1 .  h Q  -  C o o l a n t  S i d e  H e a t  T r a n s f e r  C o e f f i c i e n t .
I t  w a s  a s s u m e d  t h a t  t h e  j a c k e t  c o u l d  b e  t r e a t e d  a s  
a n  a n n u l u s . T h i s  w a s  a n  a p p r o x i m a t i o n  w h o s e  v a l i d i t y  c o u l d  
b e  t e s t e d  b y  p r a c t i c a l  r e s u l t s .  I t  w a s  e s t i m a t e d  t h a t  a t  
t y p i c a l  c o o l a n t  f l o w r a t e s  a n d  t e m p e r a t u r e s  t h e  f l o w  r e g i m e  
i n  t h e  j a c k e t  w a s  i n  t h e  ’ t r a n s i t i o n ’ r e g i o n 0 ( 2 7 ) .  H o w e v e r ,  
t h i s  w a s  b y  n o  m e a n s  c e r t a i n  b e c a u s e  b a f f l e s  w e r e  p r e s e n t  
w i t h i n  t h e  j a c k e t  t o  p r o m o t e  t u r b u l e n t  f l o w .  I t  w a s  d e c i d e d  
t o  u s e  t h e  S i e d e r  a n d  T a t e  ( 1 2 9 )  c o r r e l a t i o n  a s  t h i s  i s  
d e f i n e d  f o r  a . 1 1  f l o w  r e g i m e s  a n d  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  
t o  o t h e r  p r o b l e m s  ( 7 5 ) .
h Q  = 1 . 8 6
T h e  c o r r e l a t i o n  i s  
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f o r  s t r e a m l i n e  f l o w  a n d
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( 5 . 2 2 )
f o r  t u r b u l e n t  f l o w ,
w h e r e  k  i s  t h e  f l u i d  t h e r m a l  c o n d u c t i v i t y ,
D e  i s  t h e  e q u i v a l e n t  d i a m e t e r  o f  t h e  a n n u l u s ,
G  i s  t h e  f l u i d  m a s s  v e l o c i t y ,
C  i s  t h e  f l u i d  s p e c i f i c  h e a t ,
L  i s  t h e  t o t a l  l e n g t h  o f  h e a t  t r a n s f e r  p a t h
b e f o r e  m i x i n g  o c c u r s ,  
y  i s  t h e  f l u i d  v i s c o s i t y  a t  b u l k  t e m p e r a t u r e
a n d  y  i s  t h e  f l u i d  v i s c o s i t y  a t  w a l l  t e m p e r a t u r e .
P r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  u s i n g  e q u a t i o n s  
5 . 2 1  a n d  5 . 2 2  a n d  r e l e v a n t  p r o p e r t i e s  a r e  s h o w n  i n  T a b l e s
5 . 2 0  a n d  5 . 2 1 .  T h e  t e r m  ( y / y  ) ° * l l f  h a s  b e e n  n e g l e c t e d
s i n c e  i t  w a s  c l o s e  t o  u n i t y  o v e r  t h e  o p e r a t i n g  t e m p e r a t u r e
r a n g e .  T a b l e  5 , 2 0  s h o w s  t h a t ,  f o r  t h e  s t r e a m l i n e  c o r r e l a t i o n ,
h Q i s  p r a c t i c a l l y  i n d e p e n d e n t  o f  v i s c o s i t y ,  a s  c a l c u l a t e d
f r o m  t h e  f o r m u l a  o f  B i n g h a m  ( 1 4 ) ,  o t h e r  s l i g h t l y  c h a n g i n g
f l u i d  p r o p e r t i e s  ( 5 9 )  h a v i n g  n o  s i g n i f i c a n t  e f f e c t .  T h i s  i s
d i s p l a y e d  b y  d i v i d i n g  h Q b y  ( F C ) 0 * 3 3 . T h e  r e s u l t ,  s h o w n  a s
" P A R A M E T E R "  i n  T a b l e  5 . 2 0 ,  v a r i e s  o n l y  s l i g h t l y  ( ^ 7 % )
o v e r  t h e  w h o l e  t e m p e r a t u r e  r a n g e .
T a b l e  5 . 2 1  s h o w s  t h a t ,  f o r  t h e  t u r b u l e n t  c o r r e l a t i o n ,  
h Q  i s  n o  l o n g e r  i n d e p e n d e n t  o f  v i s c o s i t y  b u t  o t h e r  s l i g h t l y  
c h a n g i n g  f l u i d  p r o p e r t i e s  s t i l l  h a v e  n o  s i g n i f i c a n t  e f f e c t .  
" P A R A M E T E R  1 " ,  w h i c h  w a s  o b t a i n e d  b y  d i v i d i n g  h Q  b y  
( F C ° ’ 8 y 0 * 3 3  ° * 8 )  i n  T a b l e  5 . 2 1 ,  v a r i e s  o n l y  s l i g h t l y  ( - 7 % )  
o v e r  t h e  w h o l e  t e m p e r a t u r e  r a n g e .  T h e  e f f e c t  o f  a l l  f l u i d  
p r o p e r t i e s  m a y  b e  s e e n  b y  e x a m i n i n g  " P A R A M E T E R  2 "  i n  T a b l e  
5 . 2 1 ,  t h i s  w a s  o b t a i n e d  b y  d i v i d i n g  h Q  b y  F C 0 * 8 .
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5 . 6 . 2 .  f a  -  R e a c t a n t  S i d e  H e a t  T r a n s f e r  C o e f f i c i e n t .
C o r r e l a t i o n s  f o r  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n s i d e  
r e a c t o r s  a r e  d i f f i c u l t  t o  f i n d  b e c a u s e  t h e y  d e p e n d  o n  r e a c t o r  
g e o m e t r y  a n d  t h i s  o f t e n  v a r i e s .  C h a p m a n  a n d  H o l l a n d  ( 2 0 ) ,  
S t r e k  ( 1 3 2 )  a n d  K a p u s t i n  ( 7 2 )  h a v e  a l l  p r o d u c e d  u s e f u l  
p a p e r s .  K a p u s t i n ' s  c o r r e l a t i o n  w a s  c h o s e n  a s  m o s t  n e a r l y  
r e p r e s e n t i n g  t h e  r e a c t o r  u s e d  i n  t h i s  s t u d y .  I t  i s
II o • oo On I'
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 ( 5 . 2 3 )
w h e r e  p  i s  t h e  f l u i d  d e n s i t y ,
D t  i s  t h e  i n s i d e  d i a m e t e r  o f  t h e  r e a c t o r ,  
N  i s  t h e  s t i r r e r  s p p e d  
a n d  D i  i s  t h e  d i a m e t e r  o f  t h e  s t i r r e r .
P r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  u s i n g  t h i s  
c o r r e l a t i o n  a n d  r e l e v a n t  p r o p e r t i e s  a r e  s h o w n  i n  T a b l e  5 . 2 2 .  
T h e  t e r m  ( y / y  ) 0 • 1 4  h a s  b e e n  n e g l e c t e d  f o r  t h e  s a m e  r e a s o n  a s  
b e f o r e ,  h ^  i s  i n f l u e n c e d  b y  f l u i d  v i s c o s i t y ;  o t h e r  s l i g h t l y  
c h a n g i n g  f l u i d  p r o p e r t i e s  ( 5 9 )  h a v e  l i t t l e  e f f e c t  o v e r  t h e  
t e m p e r a t u r e  r a n g e  c o n s i d e r e d .  T h i s  i s  s h o w n  b y  t h e  t e r m  
" P A R A M E T E R "  i n  T a b l e  5 . 2 2  w h i c h  w a s  o b t a i n e d  b y  d i v i d i n g  h ^  
b y  ( y 0 , 3 3 “ 0 * 5 ) .  I t  v a r i e s  o n l y  s l i g h t l y  ( - 7 % )  o v e r  t h e
w h o l e  t e m p e r a t u r e  r a n g e .
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5 . 6 . 3 .  FF -  W a l l  a n d  F o u l i n g  R e s i s t a n c e  T e r m .
F F  r e p r e s e n t s  t h e  t h e r m a l  r e s i s t a n c e  d u e  t o  b o t h
t h e  p a r t i t i o n  s e p a r a t i n g  t h e  f l u i d s  a n d  f o u l i n g  o n  t h a t  
p a r t i t i o n .  I t  m a y  w e l l  c h a n g e  w i t h  t i m e  ( 7 9 ) .  P a r t i t i o n  
r e s i s t a n c e  w a s  n e g l i g i b l e  s i n c e  t h e  r e a c t o r  w a l l  w a s  t h i n  
a n d  m a d e  o f  c o p p e r .  A n  e s t i m a t e  o f  f o u l i n g  r e s i s t a n c e  
m a y  b e  m a d e  f r o m  T a b l e s  ( 2 7 )  ,  ( 7 5 ) .  A  l i k e l y  r a n g e  i s  0  t o  
1 . 4  ( K W / M 2 ° K )  ~ 1 .
5 . 6 . 4 .  T h e  F u l l  E x p r e s s i o n  f o r  U A R .
a c c e p t i n g  t h a t  h e a t  t r a n s f e r  c o r r e l a t i o n s  m a y  o n l y  b e  
a p p r o x i m a t e ,  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  U A R  m a y  b e  
o b t a i n e d  b y  s u b s t i t u t i n g  e q u a t i o n s  ( 5 . 2 1 ) ,  ( 5 . 2 2 )  a n d  ( 5 . 2 3 )  i n t o  
e q u a t i o n  ( 5 . 2 0 ) .
B y  l u m p i n g  c o n s t a n t  p a r a m e t e r s  t o g e t h e r  a n d
U A R f PI + P 4 + C R T F C T
- 1
( 5 . 2 4 )
P 5
w h e r e  P I ,  P 2 ,  P 3 ,  P 4  a n d  P 5  a r e  c o n s t a n t s
a n d  C R T F C T  i s  a  t e r m  i n d i c a t i v e  o f  t h e  m a g n i t u d e
o f  w a l l  a n d  f o u l i n g  r e s i s t a n c e s ,  w h i c h  w i l l  
a l m o s t  c e r t a i n l y  v a r y  w i t h  t i m e .
T h e  s u b s c r i p t s  o f  t h e  v i s c o s i t y  t e r m s  i n d i c a t e  t h e  
t e m p e r a t u r e s  a t  w h i c h  v i s c o s i t y  i s  t o  b e  c a l c u l a t e d .  I f  
v i s c o s i t y  v a r i a t i o n  i s  i g n o r e d  a  s i m p l e r  f o r m  o f  e q u a t i o n  ( 5 . 2 4 )
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..........................   ( 5 . 2 5 )
w h e r e  M l  a n d  M 2  a r e  c o n s t a n t s
a n d  C R T F C  i s  a  t e r m  i n d i c a t i v e  o f  t h e  m a g n i t u d e  
o f  w a l l  a n d  f o u l i n g  r e s i s t a n c e s ,  w h i c h  
w i l l  a l m o s t  c e r t a i n l y  v a r y  w i t h  t i m e .
5 . 6 . 5 .  V a l i d a t i o n  o f  T h e o r e t i c a l  E x p r e s s i o n  f o r  U A R .
I n  v i e w  o f  t h e  l a r g e  n u m b e r s  o f  p a r a m e t e r s  i t  w a s  
d e c i d e d  t h a t  t h e  i d e n t i f i c a t i o n  w o u l d  b e  c a r r i e d  o u t  o f f - l i n e .
E x p e r i m e n t a l  d a t a  w a s  c o l l e c t e d  f r o m  t h e  o p e r a t i n g  
r e a c t o r ,  w i t h  w a t e r  b e i n g  u s e d  i n s t e a d  o f  r e a c t a n t s .  A t  t h e  
s t e a d y  s t a t e ,  U A R  w a s  o b t a i n e d  b y  s o l v i n g  e q u a t i o n  ( 4 . 5 ) .  N o  
p a r a m e t e r s  o t h e r  t h a n  f l u i d  p r o p e r t i e s ,  f l o w r a t e s  a n d  
t e m p e r a t u r e s  w e r e  r e q u i r e d  f o r  t h e  c a l c u l a t i o n .  N u m e r o u s  
s t e a d y  s t a t e s ,  c o r r e s p o n d i n g  t o  d i f f e r e n t  F C  a n d  T C I  v a l u e s ,  
w e r e  i n v e s t i g a t e d .  O v e r  1 0 0  r e s u l t s  w e r e  r e c o r d e d  b e c a u s e  i t  
w a s  f o u n d  t h a t  t h e  c a l c u l a t i o n  o f  U A R  w a s  s u b j e c t  t o  p r o c e s s  
n o i s e  o n  t e m p e r a t u r e  a n d  f l o w r a t e s .  ( F o r  e x a m p l e ,  a n  
o p e r a t i n g  r e c o r d  w a s  o b t a i n e d  b y  r u n n i n g  t h e  r e a c t o r  a t  
s t e a d y  s t a t e  w i t h  w a t e r  f e e d s  f o r  1 5  m i n u t e s .  T C I  w a s  s e t  a t  
3 0 8 . 1 5 ° K  ( 3 5 ° C ) . T h e  r e s u l t  i s  g i v e n  i n  F i g u r e  5 . 3 5  a n d  
c l e a r l y  s h o w s  t h e  a p p a r e n t  c h a n g e s  i n  U A R .  T h e  v a r i a t i o n  i s  
o f  t h e  o r d e r  o f  ± 2 0 1  m a x i m u m . )  T h e  t h e o r e t i c a l  e x p r e s s i o n s
r e s u l t s
- 1
U A R  =
M l
+ C R T F C
F C
M 2
8 7
w e r e  u s e d  t o  p r o v i d e  s t a r t i n g  v a l u e s  f o r  t h e  p a r a m e t e r s ,  
w h i c h  w e r e  t h e n  f i t t e d  b y  a  p a t t e r n  s e a r c h  m e t h o d .  T h e  
r e s u l t s  a r e  g i v e n  i n  T a b l e s  5 . 2 3  a n d  5 . 2 4 .
T w o  c o n c l u s i o n s  w e r e  d r a w n
( a )  T h e  f i t t e d  v a l u e s  w e r e  c l o s e  e n o u g h  • t o  
t h e  t h e o r e t i c a l  v a l u e s  t o  j u s t i f y  t h e  
a p p r o x i m a t i o n s  t h a t  h a d  b e e n  m a d e .
( b )  F l u i d  t e m p e r a t u r e  h a s  o n l y  a  s m a l l  e f f e c t  
o n  U A R  b e c a u s e  t h e  s i m p l e r  e x p r e s s i o n  
( e q u a t i o n  (5  . 2  5 ) )  f i t s  t h e  d a t a  r e a s o n a b l y  w e l l .
T h e  p a r a m e t e r  v a l u e s  p r e s e n t e d  i n  T a b l e s  5 . 2 3  
a n d  5 . 2 4  w e r e  t h e r e f o r e  u s e d  i n  t h e  e x p e r i m e n t a l  w o r k .
8*8
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C H A N N E L  0 6  -  T Y P I C A L  T E M P E R A T U R E  M E A S U R E M E N T  C H A N N E L .  
T H E R M O C O U P L E  P L A C E D ' I N  T H E R M O S  F L A S K  & L E F T  
; T  0  S T A B I L I S E  F O R  1 2 , H O U R S *
. S A M P L I N G  R A T E  1 H Z  5  H Z  1 0  H Z
' N U M B E R  O F  S A M P L E S  1 0 0  . 5 0 0  1 0 0 0
M E A N  3 9 4 . 2 0  3 9 4 . 3 3  3 9 4 * 4 3
V A R I A N C E  0 . 1 6  0 * 2 4  0 » 2 5
M A X I M U M  D E V I A T I O N  F R O M  M E A N  0 . 3 0  0 . 6 2  0 . 5 2
TABLE 5 * 1
T A B L E  5 * 2
C H A N N E L  0 3  -  T Y P I C A L  R E A C T A N T  F L O W M E T E R .
• N O  F L O W  C O N D I T I O N .
S A M P L I N G  R A T E  1 H Z  5  H Z  1 0  H Z
N U M B E R  O F  S A M P L E S  1 0 0  - 5 0 0  1 0 0 0
M E A N  - 2 3 6 . 3 6  2 3 6 - 4 5  2 3 6 * 9 1
V A R I A N C E  0 . 2 3  0 * 2 5  O ' . 0 3
M A X I M U M  D E V I A T I O N  F R O M  M E A N  0 - 6 4  0 . 5 5  0 . 9 1
T A B L E  5 - 3
• C H A N N E L  0 3  -  T Y P I C A L  R E A C T A N T  F L O W M E T E R .
A R B I T R A R Y  F L O W  T O  D R A I N .
S A M P L I N G  R A T E  1 H Z  5  H Z  1 0  H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0  1 0 0 0
M E A N  7 0 9 . 5 6  7 0 7 . 9 1  7 0 7 * 3 6
V A R I A N C E  1 . 5 6  0 - 3 8  1 . 0 1
M A X I M U M  D E V I A T I O N  F R O M  M E A N  3 * 5 6  3 * 0 9  3 * 1 4
T A B L E  5 - 4
!
i C H A N N E L  0 3  -  T Y P I C A L  R E A C T A N T  F L O W M E T E R .
A R B I T R A R Y  F L O W  I N T O  R E A C T O R
S A M P L I N G  R A T E  1 H Z  5  H Z  1 0  H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0  1 - 0 0 0
M E A N  6 3 4 . 1 6  6 7 6 . 5 2  6 7 0 * 3 3
V A R I A N C E  ■' 3 0 5 . 4 7  2 3 2 *  3 4  2 6 9 . 2 0
M A X I M U M  D E V I A T I O N  F R O M  M E A N  4 5 * 1 6  5 7 * 5 2  4 8 - 1 7
9 8
C H A N N E L  0 4  -  C O O L A N T  F L O W M E T E R .
’ N O  F L O W ’ C O N D I T I O N
S A M P L I N G  R A T E  1 H Z  5  H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0
M E A N  - 5 . 2 1  - 5 . 1 1
V A R I A N C E  0 . 1 7  0 - 1 0
M A X I M U M  D E V I A T I O N  F R O M  M E A N  0 . 7 9  0 * 3 9
TABLE 5 . 5
T A B L E  5 . 6
C H A N N E L  0 4  -  C O O L A N T  F L O W M E T E R .
A R 3 I T R A R Y  F L O W  I N T O  J A C K E T .
S A M P L I N G  R A T E  1 H Z  5  H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0
M E A N  4 0 2 . 0 1  3 9 9 . 9 6
v a r i a n c e  4 . 6 8  2 . 6 4
M A X I M U M  D E V I A T I O N  F R O M  M E A N  1 1 . 9 9 '  4 . 9 6
T A B L E  5 . 7
C H A N N E L  0 1  -  C O N D U C T I V I T Y  M O N I T O R .
Z E R O  S E T T I N G  1
S A M P L I N G  R A T E  1 H Z  5  H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0
M E A N  '• 4 2 6 . 3 6  4 2 6 - 3 9
V A R I A N C E  0 . 2 3  0 * 2 4
M A X I M U M  D E V I A T I O N  F R O M  M E A N  0 * 6 4  0 . 6 1
A.
T A B L E  5 . 8
C H A N N E L  0 1  -  C O N D U C T I V I T Y  M O N I T O R .  
C E L L  C H A R G E D  W I T H  W A T E R .
S A M P L I N G  R A T E  ' ' . 1 H Z  5 H Z
N U M B E R  O F  S A M P L E S  1 0 0  5 0 0
M E A N  4 2 3 .  11 4 2 3  * 0 0
. V A R I A N C E  0 . 1 0  0 . 0 0
M A X I M U M  D E V I A T I O N  F R O M  M E A N  0 . 8 9  0 - 0 0
1 0  H Z  
1000 
- 5 * 1 0  
0 - 0 9  
0 . 9 0
10  H Z  
1000 
3 9 9  . 8 6  
4 .  6 4  
17.14
1 0  H Z  
LO 0 0  
4 2 7  . 10  
0 . 0 9  
0 . 9 0
1 0  H Z  
1000 
4 2 3  . 3 0  
0 . 2  1 
0 . 7 0
9 9
TABLE 5 . 9
CONCENTRATI ON 1ST 2ND 3RDOF NAOH TERM TERM TERMKG MOL /M3 ■ EQN (5.6) EQN (5. 6 ) EQN (5 . 6).04 948.9437 .7807741.04 946. 1 641 .7897034 -6.04937 IE-6.03 5 9 1 1 .752 .7461519.035 914.0703 .7375 107 6.228686E-6.03 377 . 1875 .7175131.03 878 .3789 .7132263 3 * 0323S6E-6.025 339 .9502 .6826315.025 847.6016 .6565247 1 • 8 27 627 E-5.02 808.6187 .6554928.02 806.9727 .6611175 -3.874302E-6.015 783.6748 .6256237.0 15 780.7891 .6342773 -5.647540E-6• 0 1' 753.5898 .6031761.01 7 64.7 65 6 .565361 2.609933E-5
TABLE 5.10
CONCENTRATI ON 
OF NAOH 
■KGM0L/M3 
.04 
.04
• 035 
.035 
.03 
.03 
.025 
.025
• 02 
. 02  
.0 15 
.0  15 
.01 
.01
TYPE
OF
FIT
LINEAR
■ QUADRATIC
LINEAR
QUADRATIC
LINEAR
QUADRATIC
LINEAR
QUADRATIC
LINEAR
QUADRATIC
LINEAR
QUADRATIC
LINEAR
QUADRATIC
SUM OF 
SQUARED 
IC ERRORS 
513.066 
499 .573 
70.48943 
64.76566 
21 . 18435 
19.72809 
1 127.838 
984.4731 
72.88519 
71.24551 
43.41 
40.85934 
1879. 178 
1607.738
SUM OF 
ABSOLUTE 
IC ERRORS 
100.1957 
97 .72595 
25.36937 
22.12817 
17* 4S534 
15.96631 
227.4851 
213.5342 
31.06079 
3 1 .4372 
21 .80713 
22.35315 
286.5866 
262.4782
TABLE 5.11
PARAMETER
QI
Q2
Q3
Q4
REGRESSION ANALYSIS 
1 .530699E-4 
-8.229357E-5 
-.10453 
9.166759E-4
PATTERN SEARCH 
1.530390E-4 
-8 .23 1987E-5 
10453 
9.28790 l’E-4
MAXIMUM 
IC DE4/ I AT ION 
18.34473 
18.229 
6.550 17 1 
6.319946 
2.452515 
2.234935 
7.427734 
7.546265 
4.724609 
4.405029 
3.7 13013 
3.235 156 
10.77332 
1 0 . 47 1 68
S U M  0  F  A B S O L U T E  D E V I A T I O N S  I ; J  C O N  C E M T F A T I  ON U S I N G  P A R A M E T E R S  
C A L C U L A T E D  B f  P A T T E R N  S E A P . C H  M E T H O D  = . 1 6 6 7 8 9 6 6  ( 2 6 0  D A T A  P O I N T S ) .
1 0 0
S U M M A R Y  O F  E X P E R I M E N T A L  C O N D I T I O N S  F O R  S S W M .  
S Y S T E M S  P A T C H E D  ON A N A L O G  C O M P U T E R .
TABLE 5 . 1 2
E X P E R I M E N T A L  S E T  1 -  G E N E R A L  T E S T
S I N E  W A V E S  
R A N G E
S Y S T E M  
N U M B E R  O F  
F R E Q U E N C Y  
A M P L I T U D E
P E R T U R B A T I O N  L E V E L  
O U T P U T  F R E Q U E N C Y  
S A M P L I N G  F R E Q U E N C Y  
N U M B E R  O F  S A M P L E S  
C O R R E L A T I O N  . B U F F E R  L E N G T H '  
E S T I M A T E  C O N F I D E N C E  
E X P E R I M E N T A L  R U N S  
T Y P I C A L  G R A P H I C A L  R E S U L T S
O R D E R ,  K / T S + 1 ,  K = 1 , T = 1  S E C O N DF I R S T  
5 0
0 * 0 2 - 1  . 0 0  H Z .  ( 0 . 0 2  H Z  S T E P S )  
2 5  ( D A C  N U M B E R )
0  ( D A C  N U M B E R )
5 1 . 2  H Z  
2 . 5 6  H Z  
2 0 4 8  
1 2 8
9 9 %  ' '
3
F I G U R E S  5 . 9  & 5 * 1 0
E X P E R I M E N T A L  S E T  2  -  S M A L L  A M P L I T U D E S .
S I N E  W A V E S .  
R A N G  E
S Y S T E M  
N U M B E R  O F  
F R E Q U E N C Y  
A M P L I T U D E
P E R T U R B A T I O N  L E V E L  
O U T P U T  F R E Q U E N C Y  
S A M P L I N G  F R E Q U E N C Y  
N U M B E R  O F  S A M P L E S  
C O R R E L A T I O N  B U F F E R  L E N G T H  
E S T I M A T E  C O N F I D E N C E  
E X P E R I M E N T A L  R U N S  
T Y P I C A L  G R A P H I C A L  R E S U L T S
A S  S E T  1 
20
0 . 0 5 - 1 . 0 0  H Z  ( 0 . 0 5  H Z  S T E P S )  
1 0  ( D A C  N U M B E R )
0. ( D A C  N U M B E R )
6 4  H Z
3 - 2  H Z  ^
2 0 4 8
6 4
9 9 % /
3
F I G U R E S  5 . 1 1  & 5 • 1 2
E X P E R I M E N T  3 -  T A I L O R I N G  O F  S P E C T R A L  E N V E L O P E .
A L L  C O N D I T I O N S  A S  S E T  2  
A M P L I T U D E  
P  E R T  U R B A T I  ON L  E V  E L  
E X P E R I M E N T A L  R U N S  
G R A P H I C A L  R E S U L T S
E X C E P T
5 , 6 , 7 ,  • * 
5 0 0  ( D A C  
1
F I G U R E S  5
. , 2 4  I N C R E A S I N G  
N U M B E R )
1 3  & 5 . 1 4
W I T H  F R E Q U E N C Y
E X P E R I M E N T A L  S E T  4  -  H I G H E R  O R D E R  S Y S T E M  •
A L L  C O N D I T I O N S  
S Y S T E M
A S  S E T  2  E X C E P T
S E C O N D  O R D E R ,  K / ( ( T 1 S + 1 ) ( T 2 S  + 1 ) ) 
K =  1 0 ,  T 1= T 2 = 1 S E C O N D  
T Y P I C A L  G R A P H I C A L  R E S U L T S  F I G U R E S  5 - 1 5  & 5 . 1 6
1 0 1
S U M M A R Y  O F  E X P E R I M E N T A L  C O N D I T I O N S  F O R  S S W M .
R E A L  S Y S T E M S  -  F L O W  T O  D R A I N .
E X P E R I M E N T  1 
S Y S T E M
N U M B E R  O F  S I N E  W A V E S  
F R E Q U E N C Y  R A N G E  
A M P L I T U D E
P E R T U R B A T I O N  L E V E L  
O U T P U T  F R E Q U E N C Y  
S A M P L I N G  F R E Q U E N C Y  
N U M B E R  O F  S A M P L E S  
C O R R E L A T I O N  B U F F E R  L E N G T H  
E S T I M A T E  C O N F I D E N C E
' E X P E R I M E N T  S 
A L L  C O N D I T I O N S  A S  E X P E R I M E N T  1 E X C E P T  
S Y S T E M  N A O H  V A L V E  C O N T R O L  L O O P
A P P R O X I M A T E  F L O W R A T E  3 . 3 3 E - 5  M 3 / S E C  
■ P E R T U R B A T I O N  L E V E L  - t 4 0 0  C D A C  N U M B E R )
G R A P H I C A L  R E S U L T S  F I G U R E S  5 * 2 1  & 5 . 2 2
E X P E R I M E N T  3
; A L L  C O N D I T I O N S  A S  E X P E R I M E N T  1 E X C E P T  
S Y S T E M  N A O H  V A L V E  C O N T R O L  L O O P
A P P R O X I M A T E  F L O W R A T E  5 . 0 0 E - 6  M 3 / S E C  
P E R T U R B A T I O N  L E V E L  - 5 0  C D A C  N U M B E R )
E X P E R I M E N T  4
A L L  C O N D I T I O N S  A S  E X P E R I M E N T  1 E X C E P T
S Y S T E M  E T A C  V A L V E  C O N T R O L  L O O P
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35 -67 5453 13 .12213 3 9 2 - 9 3 6
40 -712 9346 1 3 .23  50 3 4 1 1 . 7 3 7 5
45 .7 505717 1 3 . 3 4 9 5 6 13'6- 6513
SO •7332049 13-46272 1 53-3179
13 •5 4 3 3 1 A 12.54762 2 3 4 -3 1 3 3
15 .53 53134 1 2 .66312 30 6 .0 1  51
20 -6263 042 1 2 .77225 3 2 7 . 7 0 5 6
25 • 6632316 ' ' 9 .3 9 3 2 7 319 - 4169
10 -7099 29 3 13-007 33 37 1 M 654
35 • 751609 13-122 13 3 9 2 . 9 5 6
40 •7933 663 13 .2 3 6 0 3 11 1 .7 3 7 6
.45 .3 3 5 1 9 0 9 13-3 4 9 5 6 4 36-5513
50 ■377067 13-462 72 1 5 3 -3179
10 .597 5513 ! * -  547 62 3 3 1 -3 1 3 ?
13 •64 31529 1 2 .66312 306-0161
20 .6337377 1 2 .7 7 3 3 5 3 2 7 . 7 0 3 6
25 .7 343634 12-393 23 3 1 9 .1 1 7
30 .7300769 13-30 73 3 3 7 1 -165335 .3233743 13-12 21 3 3 9 2 -9 5 6
40 .3717576 13 - 2 3 503 ■11 1 -7 3 7 6
4 5 -9177143 13 - 34956 43 6 .6 5 1 330 -9637 23 7 13-46 572 153-513
10 -65 01 022 -12 -54763 2 3 1 .1 1 3 3
15 . 6 9 9 7 1 3 5 12.66 312 106-016 120 -74 93 072 12 .77335 3 2 7 - 7 0 5 625 • -793950 7 12* 39 323 3 1 9 . 4 1 7
30 • 3434739 13-007 33 371 - 1 653
35 .393 5033 13 .1 2 2 1 3 . 3 9 2 - 9 5 6
40 .9 4 3 4 2 2 2 13 -2 3631 1! 1 - 7376
.45 •9934211 1 3-3*19 5 6 43 6 -65  13
50 1 *04343 2 13 -4 6272 15 3-513
TABLE 5.22
11131 DE HEAT T3AN5FE2 COEFFICIENT (K.V'.'STIN'S C0T2ELAT1 ON) 
TE.i“ L5.VrU2E HI 2A2AMLTE3
0E3 C if? 612 DEO 11
10 1 7 .2 1 0 2 2  5*566621
IS 1 7 .7 3 5 3 9  5 . 6 2 0 4 !
20 1 3 .3 4 5 3 3  5 . 6 7 3 9 4 6
25 13 .3911  5 . 7 2 7 2 3 5
30 19•42473  5 . 7 3 0 2 ?
35 1 9 .9 4 7 7 4  5 - 3 3 3 0 3 7
40 2 0 .4 6 0 9 7  5 . 3 3 5 6 0 9
45 2 0 . 9 6 5 2 5  3 . 3 3 3 0 0 2
50 21 .4 6 1 2 1  5 -9 9 0 1 1 7
TABLE 5 . 2 3
U A R  C O R R E L A T I O N ,
A P P R O X I M A T E
T H E O R E T I C A L  E X P E R I M E N T A L  
P A R A M E T E R  ' V A L U E  V A L U E
P l  0 . 5  0 . 3 7 4 3 9 0 6
P 2  0 . 8  0 . 4 7 4 3 9 0 5
P 3  0 . 3 3  0 * 2 7 4 3 9 0 6
P 4  1 . 2  0 . 9 7 5 1 7 1 8
P 5  - 0 . 1 7  ' - 0 . 1 7 4 6 0 9 3 5
C R T F C T  0  T O  1 . Q E 1  0 - 3 7 4 3 9 0 6
N U M B E R  O F  L O G G E D  U A R  V A L U E S  = 1 1 7
S U M  O F  A B S O L U T E  D E V I A T I O N S  F R O M  C O R R E L A T I O N  =
T A B L E  5 . 2 4
U A R  C O R R E L A T I O N .
P A R A M E T E R
M l
M 2
C R T F C
A P P R O X I M A T E
T H E O R E T I C A L
V A L U E
0 . 1 4
0 . 5
0 .8
E X P E R I M E N T A L  
V A L U E  
0 . 1 2 3 5 1 5 6 1  
0 . 4 3 3 5 1 5 5 3  
0 . 7 6 3 5  1 5 7  1
1 . 0 9
N U M B E R  O F  L O G G E D  U A R  V A L U E S  = 1 1 7  
S U M  O F  A B S O L U T E  D E V I A T I O N S  = 1 . 3 6
C H A P T E R  6  
S Y S T E M S  A N A L Y S I S
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6 . 1 .  S e n s i t i v i t y  A n a l y s i s .
T h e  f o r m u l a t i o n  o f  e x p r e s s i o n s  f o r  t h e  s p e c i f i c  h e a t  
f l o w ,  U A R ,  c o m p l e t e d  t h e  m o d e l s  a n d  f a c i l i t a t e d  d e t a i l e d  
a n a l y s i s .  T h e r e  a r e  s e v e r a l  t o p i c s  w h i c h  f a l l  w i t h i n  t h e  
s c o p e  o f  s e n s i t i v i t y  a n a l y s i s  a n d  a m o n g s t  t h e  m o s t  p e r t i n e n t  
t o  t h i s  p r o b l e m  a r e  t h e  s e n s i t i v i t y  o f  t h e  p r o c e s s ^ c h a n g e s  i n
( a )  m a n i p u l a t e d  v a r i a b l e s ,
( b )  p a r a m e t e r s  w h i c h  h a v e  b e e n  e r r o n e o u s l y  
s p e c i f i e d  o r  w h i c h  m a y  c h a n g e  w i t h  t i m e ,
( c )  i t s  e n v i r o n m e n t .
C o n s i d e r a t i o n  o f  t h e  a b o v e  y i e l d e d  a n  I n s i g h t  i n t o  
t h e  s e l e c t i o n  o f  m a n i p u l a t e d  v a r i a b l e s ,  p a r a m e t e r s  w h i c h  
r e q u i r e d  i d e n t i f i c a t i o n  a n d  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  
b e h a v i o u r  o f  t h e  m o d e l s .  T h e  a s s u m p t i o n s  o n  w h i c h  t h e  m o d e l s  
a r e  b a s e d  h a v e ,  a s  f a r  a s  p o s s i b l e ,  b e e n  v e r i f i e d  a n d  s i m i l a r  
s y s t e m  m o d e l s  h a v e  b e e n  s h o w n  t o  c l o s e l y  r e p r e s e n t  t h e  p r o c e s s  
i n  p r a c t i c e  ( 1 9 )  ,  ( 6 1 )  ; t h e r e f o r e  a n a l y s i s  m a y  p r o c e e d .  A s  
e x p e c t e d ,  c o n f i d e n c e  i n  m o d e l  v a l i d i t y  w a s  j u s t i f i e d  b y  l a t e r  
p r a c t i c a l  r e s u l t s .
6 . 1 . 1 .  S e l e c t i o n  o f  M a n i p u l a t e d  V a r i a b l e s .
T e m p e r a t u r e  a n d  p r o d u c t  c o n c e n t r a t i o n  ( T  a n d  C A )  w e r e  
t h e  d e s i r e d  c o n t r o l l e d  v a r i a b l e s  o f  t h e  C S T R  b u t  t h e r e  w e r e  
s e v e r a l  p o s s i b l e  c h o i c e s  o f  m a n i p u l a t e d  v a r i a b l e  t o  a c h i e v e  
t h i s  e n d .  A  s i m p l e  m a t h e m a t i c a l  a n a l y s i s  i n v o l v i n g  s o l u t i o n
6 .  SYSTEMS ANALYSIS -  2 .
I l l
o f  t h e  m o d e l  e q u a t i o n s  u s i n g  t h e  n o m i n a l  p a r a m e t e r  v a l u e s  
g i v e n  i n  A p p e n d i x  B  a n d  a  s e l e c t i o n  o f  m a n i p u l a t e d  v a r i a b l e  
v a l u e s  r e v e a l e d  t h a t  t h e  p r o c e s s  w a s  m o s t  s e n s i t i v e  t o  c h a n g e s  
i n  T C I ,  F A  a n d  F B ,  a n d  F C  -  i n  t h a t  o r d e r .  T h i s  w a s  i n d e p e n d e n t  
o f  t h e  e x p r e s s i o n  u s e d  t o  d e s c r i b e  U A R .
T C I  w a s  a n  e x c e l l e n t  m a n i p u l a t e d  v a r i a b l e  a s  b o t h  T  
a n d  C A  w e r e  v e r y  s e n s i t i v e  t o  a n y  c h a n g e s  i n  i t s  v a l u e .
I t  w a s  d e c i d e d  n o t  t o  m a n i p u l a t e  t h e  r e a c t a n t  f e e d  
f l o w r a t e s ,  i n  t h e  i n t e r e s t s  o f  e x p e r i m e n t a l  a c c u r a c y .  I t  h a s  
b e e n  s h o w n  ( 1 9 )  t h a t  t h e  p r o c e s s  i s  s e n s i t i v e  t o  a n y  
d i f f e r e n c e s  i n  f l o w r a t e s  b e t w e e n  t h e s e  t w o  s t r e a m s .  A d d i t i o n a l l y  
b o t h  t h e  c o n d u c t i v i t y  m o n i t o r  c a l i b r a t i o n  r e l a t i o n s h i p  a n d  t h e  
p r o c e s s  m o d e l s  r e q u i r e  t h a t  t h e  f l o w r a t e s  b e  e q u a l .  U n d e r  
r e g u l a t o r y  c o n t r o l  i t  w a s  p o s s i b l e  t o  c o n f i r m  t h a t  t h e s e  
f l o w r a t e s  w e r e  c o r r e c t  t o  w i t h i n  ± 0 . 5 %  b e f o r e  a n d  a f t e r  
e x p e r i m e n t a t i o n .  I f  s e t  p o i n t  c h a n g e s  w e r e  t o  b e  r e q u i r e d  
a n d  w e r e  n o t  m a d e  i n  a n  i d e n t i c a l  m a n n e r  f o r  b o t h  s t r e a m s  n o  
g u a r a n t e e  o f  m o d e l  o r  c a l i b r a t i o n  a c c u r a c y  c o u l d  b e  c l a i m e d .
C h a n g e s  i n  F C  a f f e c t e d  U A R ,  b u t  t h e  h e a t  t r a n s f e r  
e x p e r i m e n t s  s h o w e d  t h a t  a b o v e  f l o w r a t e s  o f  0 . 0 0 0 3  m 3 / s e c  
t h e r e  w a s  l i t t l e  f u r t h e r  e n h a n c e m e n t .
O n  t h e  b a s i s  o f  t h e  f o r e g o i n g ,  T C I  w a s  c h o s e n  a s  t h e  
m a j o r  m a n i p u l a t e d  v a r i a b l e  w i t h  t h e  o t h e r s  r e g u l a t e d  a t  t h e  
v a l u e s  g i v e n  i n  A p p e n d i x  B .
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g i v e n  i n  A p p e n d i x  B ,  t h e  t e m p e r a t u r e - c o n c e n t r a t i o n  p h a s e -
p l a n e  h a s  t h e  s h a p e  s h o w n  i n  F i g u r e  6 . 1 ,  f o r  a l l  m o d e l s .
B e c a u s e  T M  w a s  u n m e a s u r a b l e ,  i t  w a s  n e c e s s a r y  t o  m a k e  t h e  
• •
a p p r o x i m a t i o n  T C O  ~  2 . T M  ( f r o m  e q u a t i o n  ( 4 . 1 )  )  a n d  s u b s t i t u t e  
i n t o  e q u a t i o n  ( 4 . 3 )  t o  y i e l d  a  t r a c t a b l e  3 D  m o d e l .  T h i s  
a s s u m p t i o n  r e q u i r e d  t h a t  T C I  b e  e q u a l  t o  z e r o ,  w h i c h  w a s  t r u e  
o v e r  a  l a r g e  p a r t  o f  t h e  c o n t r o l  i n t e r v a l ,  i f  l o n g  c o m p a r e d  
t o  t h e  t i m e  r e q u i r e d  f o r  T C I  t o  a t t a i n  a  d e s i r e d  v a l u e .  T h i s  
w a s  t h e  c a s e  f o r  t h i s  p r o c e s s  a n d  t h e  a p p r o x i m a t i o n  h a s  b e e n  
f o u n d  t o  w o r k  w e l l  i n  p r a c t i c e ( 1 9 ) .
I t  m a y  b e  p o i n t e d  o u t  h e r e  t h a t  i f  o n l y  o n e  
m a n i p u l a t e d  v a r i a b l e  i s  u s e d  t h e n  i t  i s  n o t  p o s s i b l e  t o  
s p e c i f y  b o t h  T  a n d  C A  a t  s t e a d y  s t a t e .  I f  C A  i s  f i x e d  t h e n  
t h e  s o l u t i o n  o f  t h e  m o d e l  e q u a t i o n s  f i x e s  T  a n d  T C I .  T h i s  
w a s  u t i l i s e d  i n  t h e  a d a p t i v e  a l g o r i t h m s  d e s c r i b e d  l a t e r ;  
p r o d u c t  c o n c e n t r a t i o n  C A  w a s  s p e c i f i e d  a n d  t h e  s t a t e  e q u a t i o n s  
s o l v e d  f o r  T ,  T C I  a n d  i n  s o m e  c a s e s  T C O .
6 . 1 . 2 .  S e n s i t i v i t y  t o  P a r a m e t e r  C h a n g e s .
A  n u m e r i c a l  s e n s i t i v i t y  a n a l y s i s  m e t h o d  w a s  u s e d  t o  
f i n d  t h e  e f f e c t  o n  s t e a d y  s t a t e s  o f  c h a n g e s  i n  s e l e c t e d  
p a r a m e t e r s .  T h o s e  n o t  c o n s i d e r e d  w e r e  e i t h e r  e a s i l y  
m e a s u r a b l e  ( e . g .  f l u i d  d e n s i t y )  o r  k n o w n  w i t h  g r e a t  p r e c i s i o n  
( e * . g .  U n i v e r s a l  G a s  C o n s t a n t ) .
F o r  t h e  v a l u e s  o f  m a n i p u l a t e d  v a r i a b l e s  a n d  p a r a m e t e r s
A p r o g r a m  w a s  w r i t t e n  t o  a n a l y s e  t h e  e f f e c t s  o f
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1 1 4
p e r c e n t a g e  d e v i a t i o n s  o f  p a r a m e t e r s  f r o m  t h e i r  n o m i n a l  
v a l u e s  a t  t h e  c o l d  a n d  h o t  s t e a d y  s t a t e s .  T h e  r e s u l t s  
a r e  p r e s e n t e d  i n  T a b l e s  6 . 1  a n d  6 . 2 .  F o r  c o n v e n i e n c e ,  t h e  
U A R  e x p r e s s i o n  i s  d e n o t e d  b y  t w o  f o r m s .  U A R F C T  i s  
d e p e n d e n t  o n  c o o l a n t  f l o w r a t e  a n d  t e m p e r a t u r e  w h i l s t  U A R F C  
i s  s i m p l y  d e p e n d e n t  o n  f l o w r a t e .  I t  m a y  b e  s e e n  t h a t ,  w i t h  
r e s p e c t  t o  b o t h  T  a n d  T C O ,  t h e  p r o c e s s  w a s  r e l a t i v e l y  
i n s e n s i t i v e  t o  a l l  p a r a m e t e r s  e x c e p t  C R T F C  a n d  C R T F C T ,  
e s p e c i a l l y  a t  t h e  H o t  s t e a d y  s t a t e .
C A  w a s  m u c h  m o r e  s e n s i t i v e  t o  p a r a m e t e r  v a r i a t i o n s ,  
e s p e c i a l l y  t h o s e  o f  E ,  A  a n d  V R .  W i t h  r e g a r d  t o  d y n a m i c  
b e h a v i o u r ,  a  c h a n g e  i n  m o s t  p a r a m e t e r s  c a u s e d  t h e  p r o c e s s  t o  
f o l l o w  a  b i a s e d  t r a j e c t o r y  b e t w e e n  d i f f e r e n t  s t e a d y  s t a t e s .  
T h e  o n l y  p a r a m e t e r  w h i c h  i n f l u e n c e d  d y n a m i c  b u t  n o t  s t e a d y  
s t a t e  b e h a v i o u r  w a s  t h e  c o o l i n g  j a c k e t  c o l u m e  V C .  T h i s  w a s  
o n l y  o f  s i g n i f i c a n c e  i n  t h e  3 D  m o d e l  a n d  i n  ' v i e w  o f  t h e  
c l o s e  s i m i l a r i t y  b e t w e e n  2 D  a n d  3 D  m o d e l s ,  e v e n  w i t h  s o m e  
c h a n g e  i n  V C ,  i t  w a s  d e c i d e d  t o  u s e  i t s  n o m i n a l  m e a s u r e d  
v a l u e  f o r  f u t u r e  a p p l i c a t i o n s .
6 . 1 . 3 .  C h a n g e s  i n  P r o c e s s  E n v i r o n m e n t .
T h e  p r o c e s s  e n v i r o n m e n t  w a s  a n  a i r - c o n d i t i o n e d  
l a b o r a t o r y  a n d  s o  e n v i r o n m e n t a l  e f f e c t s  h a v e  b e e n  n e g l e c t e d .  
H o w e v e r ,  t h e s e  c o u l d  b e  s i g n i f i c a n t  o n  f u l l  s i z e  p l a n t s .
1 1 5
TABLE 6 .  1
S E N S I T I V I T Y  A N A L Y S I S
COLD STEADY STATE -  T C I = 2 9 3 . 1 5  DEG KC2 0  DEG C) ,
UARFC MODELS UARFCT MODEL
T TCO CA T TCO CA
PARAMETER DEG C DEG C GMOL/M3 DEG C DEG C GMOL/
V R - 2 0  % 2 4 .  C 3 2 0 . 6 0 3 4 . 8  0 2 4 .  1 2 2 0 .  6 0 3 4 .  72
V R - 10 % 2 4 .  0 3 2 0 .  6 0 3 3 . 2 1 2 4 .  1 3 2 0  . 6 0 3 3 .  12
VR+I 0 % 2 4 . 0 4 2 0 . 6 0 3 0 .  61 2 4 . 1 3 2 0 .  60 3 0 .  5 3
VR+20% 2 4 . 0 4 2 0 .  6 3 2 9  . 53 2 4 .  1 4 2 0  . 6 0 2 9  . 4 6
D H - 5 0  % 2 3 . 9 6 2 0 .  59 31 . 8 9 2 4 . 0 5 2 0  . 59 3J . 8 1
DH- 25% . 2 4 .  0 0 2 0 .  6 0 3 1 . 8 5 2 4 .  0 9 2 0  . 6 0 3 1 .  78
DH+2 5% 2 4 .  0 8 2 0 . 6 1 31 . 79 2 4 .  1 7 2 0 .  61 3 1 . 7 1
DH+ 50% . 2 4 .  1 1 2 3 .  6 2 31 . 7 6 2 4 .  21 2 . 0 .  61 31 . 68
A - 50% 2 4 .  0 1 2 0 .  6 0 4 1 . 6 6 2 4 .  1 1 2 0 .  60 4 1 . 5 7
A -  2 5%' 2 4 .  0 3 2 0 .  6 0 3 5 .  7 0 2 4 .  1 2 2 0  . 6 0 3 5 . 6 1
A+»2 5 % 2 4 .  0 4 2 0 . 6 0 2 9  . 0 3 2 4 .  14 2 0 .  60 28 . 9  6
A+50% 2 4 .  0 5 2 0 .  61 2 6 . 9 0 2 4 .  1 4 2 0  . 6 0 2 6 . 8 3
E - 2 0 % 2 4 .  1 0 2 0 . 6 1 5 .  6 0 2 4 .  19 2 0 .  61 5 .  58
E-  10% 2 4 . 0 7 2 3 .  61 1 3 . 8 2 2 4 . 1 7 2 0 .  61 1 3 .  79
E+ 10% 2 3 . 9 6 2 0  . 59 6 1 . 7 6 2 4 . 0 6 2 0 .  59 6 1 . 6 5
E+20% 2 3 . 9 0 2 0  . 58 8 8  . 21 2 4 .  0 0 2 0 .  53 8 8  . 28
CRTFC+ 0% 2 4 .  0 4 2 0 .  6 0 3 1 . 8 2 2 4 .  1 3 2 0  . 6 0 31 . 7 4
CRTFC+ 2 50% 2 5.  2 4 2 3 .  58 3 3 . 8 4 2 4 .  1 3 2 0 .  6 0 31 . 74
CRTFC+ 500% 2 6 . 3  5 2 0 .  5 5 2 9  . 9 7 2 4 .  1 3 2 0 .  60. 31 .  7 4
CRTFC+ -7 50% 2 7 .  3 6 2 0 .  5 3 2 9  . 19 2 4 . 1 3 2 0 - 6 0 3 1 . 74
C RT F C+ 1000% 2 8 .  3 0 2 0 .  51 2 8  . 49 2 4 .  1 3 2 0 .  6 0 31 .  74
CRTFC+ i 2 53% 2 9 .  1 7 2 0 .  4 9 2 7 . 3 6 2 4 .  13 2 0 .  6 0 31 . 7 4
CRTFC+ 1 530% 29  . 9 7 2 0 .  4 7 2 7  . 2 9 2 4 .  1 3 2 0  . 6 0 3 1 .  7 4
CRTFCT+ 3% 2 4 . 0 4 2 0  . 6 0 3 1 . 8 2 . 2 4 .  1 3 2 0  . 60 31 . 74
CRTFCT+ 500% 2 4 .  0 4 2 0  . 6 0 3 1 . 8 2 2 5 .  31 2 0 .  58 3 0 .  79
C RTF CT+ 1003% 2 4 .  0 4 2 0 . 6 0 31 . 8 2 2 6 * 39 2 0 .  5 5 2 9  . 9 4
CR T F C T + 1530% 2 4 .  0 4 2 0 .  6 3 31 . 8 2 2 7 .  38 2 0 .  5 3 2 9  . 18
CRTFCT+ 2 3 0 0 % 2 4 .  0 4 2 0 .  6 0 3 1 . 8 2 2 8  . 3 0 2 0  . 51 2 8  . 4 9
CRTFCT+ 2 50  0 % 2 4 .  0 4 2 0 . 6 0 3 1 . 8 2 2 9  . 1 5 2 0  . 4 9 2 7 . 8  7
CRTFCT+3 3 0 0 % 2 4 .  0 4 2 0 .  6 0 3 1 . 8 2 2 9  . 9 4 2 0  . 4 7 2 7 .  31
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S E N S I T I V I T Y  A N A L Y S I S  . •
HOT STEADY STATE -  T C I = 3 2 3 .  15  DEG KC50  DEG C) .
UARFC MODELS UARFCT MODEL
TABLE 6 • 2
T TCO CA T TCO CA
PARAMETER DEG C DEG C GM0L/ M3 D E G C DEG G GM0L/ M3
V R - 2 0  % 5 0 .  1 9 50  . 0  3 1 8 . 0 9 5 0 ’. 18 5 0 . 0  3 1 8 .  09
V R - 10 % 50 .  1 9 5 0 . 0  3 1 7 . 1 5 5 0 .  18 5 0  . 3 3 1 7 . 1 6
V R + 10  % 5 0 .  19 5 0 . 0 3 1 5 . 6 5 5 0 .  18 50  . 0 3 1 5 .  6 6
VR+20% 50 . 2  0 50 .  0 3 1 5 .  0 4 5 0 .  18 5 0 . 0  3 1 5 .  0 4
DH -  50% 50 . 1 0 50  . ‘0 1 1 6 .  39 50  .  0 9 5 0 . 0  1 1 6 .  39
D H - 2  5% 5 0 .  1 4 50  . 0 2 1 6 .  37 5 0 .  1 4 5 0 . 0 2 1 6 .  3 7
DH+2 5% 50 . 2 4 5 0 .  0 4 1 6 . 3 3 5 0 . 2  3 5 0 .  0 4 1 6 .  3 4
DH+50% 50 . 2 9 5 0 . 0  4 1 6 . 3 1 5 0 .  2 7 5 0 . 0 4 1 6 .  3 2
A -  50% 5 0  . 1 8 5 0 . 0  3 2 2 .  29 5 0 .  1 7 5 0 . 0  3 2 2 .  3 0
A -  25% 5 0 .  19 50 . 0  3 1 8 .  6 2 5 0 .  18 5 0 . 0  3 1 8 .  6 3
A+25% 5 0 . 2 0 5 0 . 0  3 1 4 . 7 6 5 0 .  IS 5 0 . 0  3 1 4 .  7 6
A+ 50% 5 0 .  2 0 5 0 .  S 3 1 3 .  57 5 0 .  19 5 0 . 0  3 1 3 .  5 7
E - 2 0 % 5 0 . 2 2 5 0 . 0  3 3 .  0 7 5 0 .  2  1 5 0 . 0  3 3 . 0 7
E-  1 0 % 5 0 . 2 1 5 0 .  0 3 7 . 1 9 5 0 . 2 0 5 0 . 0 3 7 .  19
E+ 10% 50 . 1 5 5 0 . 0  2 3 4 .  6 4 5 0 . 1 4 5 0 . 0  2 3 4 .  6 5
E+20% 50 . 0 8 5 0 . 0  1 6 2 . 7 4 5 0 . 0 8 5 0 . 0 1 6 2 .  7 5
CRTFC+ 0% 50 .  1 9 5 0 . 0  3 1 6 .  3 5 5 0 .  18 5 0 . 0  3 1 6 .  3 5
CRTFC+ 2 50% ' 50  . 2  5 5 2 .  0 3 1 6 .  3 3 5 0 .  18 5 0 .  0 3 I 6 .  3 5
CRTFC+ 500% 50 . 3 0 5 0 . 0  3 1 6 .  31 5 0 .  18 5 0 . 0 3 1 6 .  3 5
CRTFC+ 7 50 % 50 .  3 5 5 0 . 0  2 1 6 .  29 5 0 .  IS 5 0 . 0  3 1 6 . 3 5
CRTFC+ 1 0 0 0 % 5 0 .  3 9 5 0 . 0  2 1 6 . 2 7 5 0 .  18 5 0 . 0  3 1 6 .  3 5
CRTFC+ 1 2 50% 50 . 4  3 5 0 . 0 2 1 6 . 2 5 5 0 .  18 50  . 0 3 1 6 .  3 5
CRTFC+ 1 5/00% 5 0 . 4 7 50 . 0 2 1 6 . 2 4  1 5 0 .  18 5 0 .  0 3 1 6 . 3 5
CRTFCT+ 0% 50 . I 9 ­ 5 0 . 0  3 ' 1 6 .  3 5 5 0 .  18 5 0 . 0 3 1 6 . 3 5
CRTFCT+ 500% 60 . 1 9 5 0 .  0 3 1 6 . 3 5 5 0 .  2 4 5 0 . 0 3 1 6 .  3 3
C R T F C T + 10 0 0 % 50 . 1 9 50  .  0 3 1 6 . 3 5 5 0 . 2 9 5 0 .  0 3 1 6 .  31
CRTF CT+ 1 50  0 % 5 0 .  19 5 0 . 0  3 1 6 . 3 5 5 0 .  3 3 5 0 .  0 3 1 6 .  2 9
CRTFCT+ 2 0 0  0 % 50 . 1 9 5 0 . 0  3 1 6 . 3 5 5 0 .  38 5 0 . 0 2 1 6 . 2 7
CRTF CT+ 2 5G 0 % 50 . 19 50  . 0 3 1 6 .  3 5 5 0 .  4 2 5 0  . 0 2 1 6 . 2 6
CRTFCT+ 3SG0% 50 .  19 5 0 .  0 3 1 6 . 3 5 5 0 .  4 6 5 0 .  0 2 1 6 .  2 4
1 1 7
6 . 2 .  I n t e g r a t i o n  A l g o r i t h m s .
I t  w a s  d e c i d e d  t o  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  o f  
t w o  w e l l - k n o w n  i n t e g r a t i o n  a l g o r i t h m s  t o  t h e  n o n l i n e a r  
d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  p r o c e s s .  T h e  E u l e r  
m e t h o d  h a s  t h e  a d v a n t a g e  o f  s p e e d  a n d  s i m p l i c i t y ,  w h i l s t  t h e  
R u n g e - K u t t a  m e t h o d  h a s  t h e  a d v a n t a g e  o f  i n c r e a s e d  a c c u r a c y  
b u t  w i t h  d e c r e a s e d  s p e e d ,  i n c r e a s e d  s t o r a g e  a n d  h i g h e r  
s u s c e p t i b i l i t y  t o  r o u n d  o f f  e r r o r s .
B o t h  2 D  a n d  3 D  m o d e l s  w e r e  e x t e n s i v e l y  t e s t e d  o n  f u l l  
h e a t i n g  a n d  f u l l  c o o l i n g  t r a j e c t o r i e s  u s i n g  n o m i n a l  p a r a m e t e r  
v a l u e s .  D i f f e r i n g  s t e p  s i z e s  w e r e  t e s t e d  a n d  a  s u m m a r y  o f  
r e s u l t s  i s  t a b u l a t e d  i n  T a b l e  6 . 3 .
I n  s p i t e  o f  i t s  c o m p l e x i t y ,  t h e  R u n g e - K u t t a  m e t h o d  
w a s  f o u n d  t o  b e  s u p e r i o r .  T h e  s t a b l e  s t e p  s i z e s  w e r e  n o t e d .  
I t  w a s  f o u n d  t h a t  t h e  T C O  e q u a t i o n  ( e q u a t i o n  ( 4 . 3 ) )  w a s  t h e  
m o s t  d i f f i c u l t  t o  i n t e g r a t e  a n d  t h i s  e x p l a i n e d  w h y  s u c h  
l a r g e  s t e p s  w e r e  p o s s i b l e  w i t h  t h e  2 D  m o d e l .  I t  w a s  n o t e d  
t h a t  p a r a m e t e r  v a l u e s  o t h e r  t h a n  n o m i n a l  o n e s  c o u l d  s t i l l  
c a u s e  t h e  a l g o r i t h m s  t o  f a i l  a t  t h e  s t e p  s i z e s  t e s t e d .
6 . 3 .  R a n d o m  N o i s e  G e n e r a t o r  T e s t s .
T h e  s t u d i e s  i n  t h i s  t h e s i s  r e q u i r e d  t h r e e  f o r m s  o f  
r a n d o m  v a r i a b l e .  I t  w a s  d e c i d e d  t o  e x a m i n e  p r o p o s e d  m e t h o d s  
f o r  g e n e r a t i n g  s u c h  v a r i a b l e s ,  i n  o r d e r  t o  d e t e r m i n e  w h e t h e r  
t h e y  w e r e  s u i t a b l e .
TABLE 6 . 3
TESTS OF INTEGRATION ALGORITHMS -  TYPI CAL R E S U L T S .
TRAJECTORY: FULL H E A T I N G ,  T C I = 3 2 3 . 1 5  DEG K ( 5 0  DEG C ) ,  
STARTING AT STEADY STATE CORRESPONDING TO 
2 9 3 * 1 5  DEG K ( 2 0  DEG C>*
2D MODEL
METHOD
RUNGE-KUTTA
EULER
COMMENTS
1 - 3 0  SECOND S TEPS S TABLE.
CONSI STENCY EXCELLENT.
MAXIMUM DEVI AT I ONS  BETWEEN R ES ULTS :
T < 0 . 0 3 % , C A - 0 . 0 4 % .
CONSI STENCY POOR,
EVEN WITH STEP LENGTH OF 1 SECOND 
RESULTS ONLY AS GOOD AS RUNGE-KUTTA METHOD 
WITH 3 0  SECOND STEP.
3 DC UARFC) MODEL
METHOD
RUNGE-KUTTA
EULER
COMMENTS
1 - 5  SECOND S T E P S  S TABLE,
CONS I S TENCY GOOD,
MAXIMUM DEVI ATI ONS  BETWEEN RESULTS:  
T < 0 « 0 3 % , T C 0 - 0  *6%,  CA<0 • 03%,
1 - 4  SECOND S T E P S  STABLE,
CONSI STENCY POOR.
EVEN WITH 1 SECOND STEP DEVI ATI ONS  
FROM 1 SECOND STEP RUNGE-KUTTA RESULTS  
T - 0 . 0 3 % , T C 0 - 0  . 0 3 % ,  C A - 0  - 0  6%,
3DC UARFCT) MODEL
METHOD
RUNGE-KUTTA
EULER
COMMENTS
1 - 5  SECOND S T E P S  STABLE,
CONSI STENCY GOOD.
MAXIMUM D E VI AT I ONS  BETWEEN RESULTS  
T - 0  . 0 3 % , T C 0 - 0 . 7 % , C A - 0 . 0 3 % .
1 - 4  SECOND S T E P S  STABLE.
CONSI STENCY POOR.
EVEN WITH 1 SECOND S T E °  DEVI ATI ONS  
FROM 1 SECOND STEP RUNGE-KUTTA RESULTS  
T - 0 . 0 3 % , T C 0 < 0 . 0 3 % , C A - 0 . 16%.
1 1 9
6 . 3 . 1 .  U n i f o r m  P r o b a b i l i t y  D i s t r i b u t i o n .
T h e  r o u t i n e s  t e s t e d  w e r e  t h e  s t a n d a r d  D E C  F o r t r a n  
g e n e r a t o r s  R A N D  a n d  R A N D U ;  t h e s e  g i v e  i d e n t i c a l  r e s u l t s  b u t  
o n e  i s  a  s u b r o u t i n e  a n d  t h e  o t h e r  a  f u n c t i o n .  T h e  r o u t i n e
m a y  b e  e x p r e s s e d  a s
R n + 4  -  3 1 2 5  R n  m o d 2 2 6   .................................................... ( 6 . 1 )
( s c a l e d  t o  0  £  R  £  1 )  
w h e r e  R ^  i s  t h e  i t h  r a n d o m  n u m b e r .
3 0 0 0 ,  5 0 0 0  a n d  1 0 0 0 0  r a n d o m  n u m b e r s  w e r e  g e n e r a t e d  
a n d  e v a l u a t e d  g r a p h i c a l l y  a n d  w i t h  C h i - s q u a r e d  ( 3 0 )  t e s t s .  
P u b l i s h e d  w o r k  ( 8 9 )  i n d i c a t e s  t h a t  a t  l e a s t  1 0 0  c e l l s  a r e  
d e s i r a b l e  a n d  w e r e  u s e d  i n  t h i s  c a s e .  A  g r a p h i c a l  r e s u l t  o f
t h e  n u m b e r  o f  o c c u r r e n c e s  i n  e a c h  c e l l  i s  s h o w n  i n  F i g u r e
6 . 2  f o r  t h e  1 0 0 0 0  s a m p l e  c a s e .  T h e  C h i - s q u a r e d  r e s u l t s  a r e  
s h o w n  i n  T a b l e  6 . 4  a n d  a r e  a c c e p t a b l y  l o w .
6 . 3 . 2 .  N o r m a l  P r o b a b i l i t y  D i s t r i b u t i o n .
A  m e t h o d  f o r  g e n e r a t i n g  a  r a n d o m  v a r i a b l e  X ^ ,  w i t h  a  
n o r m a l  p r o b a b i l i t y  d i s t r i b u t i o n  a n d  s t a n d a r d  d e v i a t i o n  o  f r o m  
a  s e q u e n c e  o f  u n i f o r m  r a n d o m  n u m b e r s  h a s  b e e n  g i v e n  b y  
B e r r y m a n  a n d  H i m m e l b l a u  ( 1 1 ) .  I t  m a y  b e  r e p r e s e n t e d  b y
1 2 0
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RESULTS FROM UNIFORM RANDOM V ARI ABLE TESTS.
I DEAL MEAN = 0 . 5  
IDEAL VARIANCE = 0 . 8 3 3 E - 1  
1 0 0  CELLS USED
TABLE 6 . 4
NUMBER' OF 
SAMPLES  
3 0 0 0  
5 0 0 0  
10000
k EAN
1 5 .5008
0 . 5 0 0 3  
0 . 5 0 0 2
VARIANCE  
0 . 0 3 1 7  
0 . 0 8 1 3  
0 * 0 8 2 8
CHI
SQUARED 
10 7  . 8  
1 0 4 . 8
1 0 2 . 4
S I G N I F I C A N C E  
2 6%
33%
49%
TABLE 6 . 5
RESULTS FROM NORMAL RANDOM V ARI ABLE TES TS .
I DEAL MEAN = 0  "
I DEAL VAR&NCE = 1
1 0 0  CELLS USED
NUMBER OF 
SAMPLES  
3 0 0 0  
5 0 0 0  
10000
MEAN 
- 0 . 0 0 7 5  
0 . 0 2 5 3  
0 . 0 1 0 2
VARIANCE  
0 . 9 9 4 0  
0 . 9 7  16  
0 . 9 3 2 6
CHI
SQUARED
1 0 5 . 7
1 0 4 . 4
9 5 . 4
S I G N I F I C A N C E  
3 1 %
34%
59%
122
X n  e  a . /  - 2 e Rn.  s i n  ( 6 .  2831853072  R n + 1 )  ...........( 6 . 2 )
S i m i l a r  t e s t s  t o  t h o s e  p e r f o r m e d  o n  t h e  u n i f o r m  
r a n d o m  v a r i a b l e  w e r e  a p p l i e d  a n d  a  g r a p h i c a l  r e s u l t  i s  
s h o w n  i n  F i g u r e  6 . 3  f o r  t h e  1 0 0 0 0  s a m p l e  c a s e .  T h e  C h i -  
s q u a r e d  r e s u l t s  a r e  s h o w n  i n  T a b l e  6 . 5  a n d  a r e  a c c e p t a b l y  
l o w .
6 . 3 . 3 .  O r n s t e i n - U h l e n b e c k  R a n d o m  V a r i a b l e .
A  t h i r d  r a n d o m  v a r i a b l e  o f  i n t e r e s t  i s  t h e  
O r n s t e i n - U h l e n b e c k  e x p o n e n t i a l l y  a u t o c o r r e l a t e d  r a n d o m  
v a r i a b l e .  I t  i s  s u i t a b l e  f o r  t h e  s i m u l a t i o n  o f  r e a l  p r o c e s s e s  
w h e r e  t h e  n o i s e - m a y  b e  c o r r e l a t e d  i n  t i m e  ( 1 1 ) .  I t  m a y  b e  
g e n e r a t e d  f r o m  a  n o r m a l l y  d i s t r i b u t e d  r a n d o m  v a r i a b l e  
a c c o r d i n g  t o
0U n + l  "  V l . 0 ' 7  1 - e ' * S +  0 U n e ' B  < 6 ’ 3 )
w h e r e  O U ^  i s  a n  O r n s t e i n - U h l e n b e c k  r a n d o m  v a r i a b l e  a n d  6  
i s  a  f a c t o r  w h i c h  m a y  b e  u s e d  t o  c o n t r o l  t h e  d e g r e e  o f  
a u t o c o r r e l a t i o n .
3 0 0  v a l u e s  o f  t h i s  r a n d o m  v a r i a b l e  a r e  p l o t t e d ,  f o r  
t w o  d i f f e r e n t  v a l u e s  o f  & ,  i n  F i g u r e s  6 . 4  a n d  6 . 5 .
C H A P T E R  7  
E S T I M A T I O N  A N D  C O N T R O L  T H E O R Y
7 .  ES TI M A TI O N  AND CONTROL THEORY.
1 2 4
T h i s  c h a p t e r  i n t r o d u c e s  t h e  b a s i c  t h e o r y  o f  t h e  
f i l t e r i n g  a n d  c o n t r o l  a l g o r i t h m s  t o  b e  e m p l o y e d .  I n  
v i e w  o f  t h e  l a r g e  b o d y  o f  m a t e r i a l ,  t h e  p r e s e n t a t i o n  w i l l  
s a c r i f i c e  m a t h e m a t i c a l  r i g o u r  f o r  b r e v i t y .  M o r e  d e t a i l e d  
r e f e r e n c e s  a n d  p r o o f s  w i l l  b e  q u o t e d  w h e r e v e r  p o s s i b l e .
7 . 1 .  T h e  P r o b l e m .
T h e  p r o b l e m  m a y  b e  c o n s i d e r e d  t o  b e  t h e  e s t i m a t i o n  
a n d  c o n t r o l  o f  t h e  c u r r e n t  n - d i m e n s i o n a l  s t a t e ,  X ^  =  X ( t ^ )  
o f  t h e  n o n l i n e a r  s y s t e m  d e s c r i b e d  b y  t h e  n o n l i n e a r  v e c t o r  
d i f f e r e n c e  e q u a t i o n
x i  -  S i  Cx i - 1 ’  u i - r i  + “ i   - 0 . 1 )
w h e r e  g ^  ^ i - l ^  * s  d e f i n e d  t o  b e  t h e  s o l u t i o n ,
a t  t i m e  f a ,  t o  t h e  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n
W ( t )  =  f ( W , U , t )   ( 7 . 2 )
w i t h  t h e  i n i t i a l  c o n d i t i o n
W C t i - P  -  x k _ !  ..............................................................   ( 7 . 3 )
a n d  ^ i - l  ~  a s  a n  ^ " d i m e n s i o n a l  c o n t r o l  v e c t o r .
D i s c r e t e  t i m e  n o i s y  o b s e r v a t i o n s  o f  t h e  s y s t e m  a r e  
d e s c r i b e d  b y
z i  "  h i  < X P  ♦  V i  ............................................................................................... ( 7 . 4 )
w h e r e  i s  a n  m - d i m e n s i o n a l  m e a s u r e m e n t  v e c t o r
a n d  h -  (  )  i s  a  v e c t o r  f u n c t i o n  o f  t h e  s t a t e .
1 2 5
T h e  t w o  n o i s e  t e r m s ,  w .  a n d  v . ,  a r e  n -  a n d  m -
1 1 ’
d i m e n s i o n a l ,  z e r o - m e a n ,  i n d e p e n d e n t  G a u s s i a n  s e q u e n c e s  w i t h  
c o v a r i a n c e  m a t r i c e s
E  ^ k ^ k l  h , l  — 1 , 2 , . . . .  . . . . . . . . . ( 7 . 5 )
E C v j r f )  =  R f c« k l  k , l  =  1  ( 7 . 6 )
w h e r e  < 5 ^  t h e  K r o n e c k e r  d e l t a
7 . 2 .  N o n l i n e a r  F i l t e r i n g  T h e o r y .
I t  m a y  b e  s h o w n  ( 1 4 1 )  t h a t  t h e  p r o b l e m  o f  e s t i m a t i n g  
o n l y  X R  w i t h  m i n i m u m  m e a n  s q u a r e  e r r o r  i s  c o n t a i n e d  i n  t h e  
p r o b l e m  o f  e s t i m a t i n g  b o t h  X R  a n d  I t  i s  w e l l  k n o w n
( 6 3 )  t h a t  t h e  s o l u t i o n  t o  t h i s  p r o b l e m  i s  t h e  c o n d i t i o n a l  
m e a n  o f  X R . T h r e e  a p p r o x i m a t e  m e t h o d s  w i l l  b e  c o n s i d e r e d  
f o r  c a l c u l a t i n g  t h e  c o n d i t i o n a l  m e a n  o f  X ^ .
7 . 2 . 1 .  T h e  E x t e n d e d . K a l m a n  F i l t e r  ( E K F ) .
F o r  a  h i s t o r y  o f  o b s e r v a t i o n s  d e s c r i b e d  b y
, T +T| t !Z2 II  II ( 7 . 7 )
t h e  o r i g i n a l  n o n l i n e a r  p r o b l e m  c h a r a c t e r i s e d  b y  e q u a t i o n s  
( 7 .  l ]  t o  ( 7 . 6 }  m a y  b e  t r a n s f o r m e d  i n t o  a  f o r m  a m e n a b l e  t o  
s o l u t i o n  b y  w e l l - k n o w n  l i n e a r  K a l m a n  f i l t e r  t h e o r y  ( 6 8 ) ,  ( 7 0 )
1 2 6
F i r s t l y ,  t h e  f u n c t i o n  f (  )  m u s t  b e  l i n e a r i s e d  a b o u t  
a  r e f e r e n c e  t r a j e c t o r y ,  g i v e n  a s  t h e  p r o p a g a t e d  c o n d i t i o n a l
S e c o n d l y ,  h-, (  )  m u s t  b e  l i n e a r i s e d  a b o u t  a  r e f e r e n c e  s t a t e
A
E ( X ( t R )  ( t h e  s u b s c r i p t s  r e f e r r i n g  t o  a n  
e s t i m a t e  a t  t i m e  t R  g i v e n  a  s e t  o f  k - l  o b s e r v a t i o n s .
L i n e a r i s a t i o n  i s  c a r r i e d  o u t  b y  n e g l e c t i n g  s e c o n d  
a n d  h i g h e r  o r d e r  t e r m s  i n  a  T a y l o r  s e r i e s  e x p a n s i o n .
T h e  r e c u r s i v e  E K F  e q u a t i o n s  a r e  : -  
P r e d i c t i o n .
A
( a )  - ^ k / k - l  t E e  s ° l u t i o n  a t  t i m e  t ^  o f  t h e
d i f f e r e n t i a l  e q u a t i o n
m e a n  W ( t )  =  E  ( X ( t )  | Z R _ ^ )  o v e r  t h e  i n t e r v a l  t E _ 1 < t < t ^ .
A A
w ( t )  =  f ( w , u , t ) ( 7 . 8 )
w i t h  t h e  i n i t i a l  c o n d i t i o n
A A
X k - l / k - l ( 7 . 9 )
( b : i  P k / k - l  b / k - l ^ k - l / k - l 1 , P k - l / k - l , $ k / k - l ( X k - l / k - l )
( 7 . 1 0 )
w h e r e  P  i s  t h e  e s t i m a t i o n  e r r o r  c o v a r i a n c e
a n d
m a x t r i x  o f  X  
A
^ k / k - l  ^ k - l / k - P  t E e  i n c r e i T i e n t a l
s t a t e  t r a n s i t i o n  m a t r i x  b e t w e e n  t - ^ . ^  a n d  t R
( t R -  i n d i c a t i n g  t h e  t i m e  j u s t  p r i o r  t o  t h e
1 2 7
d r i v i n g  n o i s e  i n  e q u a t i o n  ( 7 . 1 )  b e c o m i n g  
e f f e c t i v e ) w h i c h  s a t i s f i e s  t h e  m a t r i x  
d i f f e r e n t i a l  e q u a t i o n
$ ( t  t - ,  )  =  6 f ( W , U , t )  I 4  ,  t  J ( 1  T i l
6 W  > W = W ( t ) *  $ ( *t » t k - l - ) ............................. ( 7 . 1 1 )
w i t h  i n i t i a l  c o n d i t i o n s
=  1  ( 7 . 1 2 )
A  A  •
W ( t k - 1 )  "  X k - l / k - l  .............................................................................C7 - 1 3 )
C o r r e c t i o n
Gk "  Pk / k - l ‘ Hk ( Xk / k - l ^  ' (Hk ( Xk / k - l > Pk / k - l ' Hk ( Xk / k - l ^
+  R k ) _ 1     ( 7 . 1 4 )
A  A  A
Xk / k  = Xk / k - l  + Gk - ( zk ' h k ( Xk / k - l r t  .............................. ( 7 -15)
A
^  P k / k  ( I " G k , H k ( X k / k - l W  • p k / k - l ( 7 . 1 6 )
w h e r e  G,  i s  t h e  f i l t e r  g a i n  m a t r i x  
A a « h , ( X )
a n d  H k ( X k / k - r t  6
6X
A
X=X
( 7 . 1 7 )
k / k - 1
1 2 8
7 . 2 . 2 .  S e c o n d  O r d e r  F i l t e r .
T h e  t r u n c a t i o n s  o f  t h e  T a y l o r  s e r i e s  e x p a n s i o n s  
f o r  f (  )  a n d  h -^ . (  )  a r e  a  c a u s e  o f  i n a c c u r a c y .  T h e  s e r i e s  
m a y  b e  a p p r o x i m a t e d  b y  s e v e r a l  m e t h o d s ,  b u t  o n e  w h i c h  h a s  
p r o v e d  u s e f u l  i n  s i m u l a t i o n  ( 5 )  i s  t h e  M o d i f i e d  G a u s s i a n  
S e c o n d  O r d e r  F i l t e r  ( M G S O F ) . I t  i s  g i v e n  b y  t h e  f o l l o w i n g  
r e c u r s i v e  e q u a t i o n s : - ’
P r e d i c t i o n .
A
( a )  X k / k - l  ^ s  t *i e  s o l u t i o n  a t  t i m e  t ^  o f  t h e  
d i f f e r e n t i a l  e q u a t i o n  
A  A n
W ( t )  =  f ( W , U , t )  +  i . Z  n - i - t r g F ,  ( t ) )  . . P ( t ) )
j = l  3 *  J
( 7 . 1 8 )
w i t h  t h e  i n i t i a l  c o n d i t i o n
A  A
W ( t k . x )  =  X k - l / k - 1
w h e r e  i s  a n  n - d i m e n s i o n a l  n a t u r a l  b a s i s  
v e c t o r  w h o s e  j t h  e l e m e n t  o n l y  i s  u n i t y ,  
t h e  r e m a i n i n g  e l e m e n t s  b e i n g  z e r o ,  a n d  t h e  
H e s s i a n  s e c o n d  d e r i v a t i v e  m a t r i x  o f  t h e  j t h  
c o m p o n e n t  o f  f (  ) ,  ( F k ( t ) ) ^ ,  i s  d e f i n e d  b y
( 7 . 1 9 )
CFk C t ) ) j  A
6
6W
—  ( W , U , t ) .
S W J
A
W = W ( t )
( 7 . 2 0 )
^  P k / k - l  "  p C V >  +  Q] ( 7 . 2 1 )
w h e r e  P ( t k _ )  i s  t h e  s o l u t i o n ,  a t  t h e  t i m e  j u s t
1 2 9
p r i o r  t o  t h e  d r i v i n g  n o i s e  i n  e q u a t i o n  ( 7 . 1 )  
b e c o m i n g  e f f e c t i v e ,  o f  t h e  m a t r i x  d i f f e r e n t i a l  
e q u a t i o n
P ( t )  =
<Sf  ( W , U , t )
sw
A p ( t )  +  p ( t ) .
W - W ( t ) •  6 W
A
W = W ( t ) . . ( 7 . 2 2 )
w i t h  t h e  i n i t i a l  c o n d i t i o n
P ( t k - P  ~  P k - l / k - l ( 7 . 2 3 )
C o r r e c t i o n
A A A
( a )  G k  P k / k - l - H k ( X k / k - l / ( H k ( X k / k - l ) - P k / k - l - H k , : x k / k - l )  +
R k  +  L k /
X k / k  "  X k / k - l  +  G k ' ^ k + k ^ k / k - l r f  "  l r .
( 7 . 2 4 )
( 7 . 2 5 )
A
( c )  P k / k  -  C I - G k . H k ( X k / k _ 1 ) ) .  P k / k _ 1 ( 7 . 2 6 )
w h e r e  t h e  e l e m e n t  i n  t h e  i t h  r o w  a n d  j t h  c o l u m n  
o f  t h e  m a t r i x  L R  i s  d e f i n e d  b y
( L k ) . .  =  I t r  C ( D k ) i . P k / k _ 1 . ( D k ) . . P k / k _ 1 ) ( 7 . 2 7 )
a n d  t h e  v e c t o r  t k  i s  d e f i n e d  b y
m
* k  "  J , G k  n j - t r C ( D v ) , - - Pk  j  '  k / k - 1
( 7 . 2 8 )
1 3 0
a n d  t h e  H e s s i a n  s e c o n d  d e r i v a t i v e  m a t r i x  o f  
t h e  j t h  c o m p o n e n t  o f  h R (  ) ,  i s  d e f i n e d  b y
k  j
<11 ' 6 _ T
. f ix s xk J 4
A
X = X
( 7 . 2 9 )
k / k - 1
7 . 2 . 3 .  I t e r a t e d  E x t e n d e d  F i l t e r  S m o o t h e r .  ( I E F S ) .
I f  t h e  n o m i n a l  t r a j e c t o r y  d o e s  n o t  a p p r o x i m a t e  t h e  
t r u e  t r a j e c t o r y  t h a n  e v e n  s e c o n d  o r d e r  a p p r o x i m a t i o n s  m a y  
b e  p o o r .  H o w e v e r ,  a  p r o c e d u r e  o f  s m o o t h i n g  t h e  s t a t e  b a c k  
o n e  m e a s u r e m e n t  t o  o b t a i n  a n  i m p r o v e d  n o m i n a l  t r a j e c t o r y  a n d  
s u b s e q u e n t l y  r e l i n e a r i s i n g  a b o u t  t h i s  n e w  t r a j e c t o r y  h a s  b e e n  
s u g g e s t e d  ( 8 5 )  , ( 1 4 1 )  . T h i s  m a y  c o n v e n i e n t l y  c o u p l e d  w i t h  
i t e r a t i v e  s c h e m e s  t o  r e m o v e  t h e  b i a s i n g  e f f e c t s  o f  
m e a s u r e m e n t  n o n l i n e a r i t i e s  ( 3 1 )  a s  w e l l .  T h e  c o m b i n e d  
i t e r a t o r  ( 1 4 1 )  w i l l  b e  c a l l e d  a n  I t e r a t e d  E x t e n d e d  F i l t e r  
S m o o t h e r  ( I E F S )  a n d  i s  g i v e n  b y  t h e  r e c u r s i v e  i t e r a t i o n s
F O R  J  =  1 ,  2 ,
P r e d i c t i o n
( a : )  C x k / k - l b  ( x k / k - l > J  +  $ k / k - l ( X k - y k - i ? J '  ( X k - l / k - l
( V i A + f r  ..................................... W - 3°)
w h e r e  i s  t h e  s o l u t i o n  a t  t i m e  t R
o f  t h e  d i f f e r e n t i a l  e q u a t i o n  ( 7 . 2 )  w i t h  t h e
i n i t i a l  c o n d i t i o n
1 3 1
w ( t k - r i  = ^ k - i / k - i U  .............................................O - 3 1 )
(b)  f p k / k - l 7j  = $k / k - l (Xk - l / k - l U  Pk - l / k - r  $k / k - l
A
cxk - i / k - i r i  + ^   c7 - 32 )
C o r r e c t i o n .
( a )  ( giP j  “ f pk / k - l 7J ,HU Xk / k 7J - ^Hk ^ Xk / k 7J < Pk / k - l 7 J ,Hk*-Xk / k 7J
+ Rk ) _1  ( 7 . 3 3 )
(b7 ( Xk / k r i r  Y / k - l U  + t Gk 7J* W k _hk ( xk / k 7J - " Hk (Xk / k 7J -
A A
C(xn / k - i U  -  ( x k / r i j U  ............................C7 - 3 4 )
^  (Pk / k 7J  ( I  ^Gk 7J ‘ Hk ^ Xk / k 7J ' ^ Pk / k - l 7J  ............................... ( 7 . 3 5 )
-Jft
S m o o t h i n g .
A A  T  A
( a )  CXk . 1 / k _1 ) J +1  = Xk _1 / k _x + Pk - i / k _1 ® k / k _1 (Xk _1 / k . 1 ) J .
( P k / k - l 7 J ‘  n x k / k ) j + 1  -  C X k / k _ 1 ) J ) . . ( 7 . 3 6 )
S t a r t i n g  c o n d i t i o n s  f o r  t h e  i t e r a t i o n s  a r e  
A A
( x k - i / k - r i i  ■  x k - i / k - i  ................................................................................................. C7 - 3 7 )
A A
( X k / k 7 l  "  X k / k - l  ................................................................................................. ( 7 . 3 8 )
1 3 2
T h e  i t e r a t i o n s  a r e  r e p e a t e d  e i t h e r  a  n u m b e r  o f  
t i m e s  o r  u n t i l  c o n v e r g e n c e  o c c u r s .
T h e  t h r e e  a p p r o x i m a t e  f i l t e r s  d e s c r i b e d  r e d u c e  t o  
t h e  l i n e a r  K a l m a n  f i l t e r  w h e n  s y s t e m  a n d  o b s e r v a t i o n  m o d e l s  
a r e  l i n e a r .  I f  t h e  o b s e r v a t i o n  m o d e l  o n l y  i s  l i n e a r ,  t h e n  
t h e  c o r r e c t i o n  e q u a t i o n s  r e d u c e  t o  t h e  l i n e a r  K a l m a n  f i l t e r  
e q u a t i o n s .
T h e  a u g m e n t a t i o n  o f  t h e  s t a t e  v e c t o r  t o  i n c l u d e  
p a r a m e t e r s  f o l l o w s  d i r e c t l y  i n  a l l  e s t i m a t o r s  c o n s i d e r e d .  I f  
a n  e q u a t i o n  d e s c r i b i n g  p a r a m e t e r  v a r i a t i o n  i s  a v a i l a b l e  t h e n  
i t  i s  a  s i m p l e  m a t t e r  t o  i n c l u d e  i t  a s  a n  a d d i t i o n a l  s t a t e  
e q u a t i o n .  I f  t h e  p a r a m e t e r  i s  a  c o n s t a n t ,  a t  l e a s t  r e l a t i v e  
t o  t h e  t i m e  s c a l e  o f  t h e  p r o c e s s ,  t h e  e q u a t i o n  i s  t r i v i a l .
7 . 5 .  E x a c t  M e a s u r e m e n t  E s t i m a t o r  ( E M E ) .
I f  s t a t e  m e a s u r e m e n t s  a r e  s u f f i c i e n t l y  a c c u r a t e  t h e n  
c l e a r l y  i t  i s  s u p e r f l u o u s  t o  p e r f o r m  s t a t e  e s t i m a t i o n .  
R e f e r r i n g  t o  t h e  p r o b l e m  d e s c r i p t i o n ,  e q u a t i o n s  ( 7 . 1 ) - ( 7 . 6 ) ,  
i t  m a y  b e  a p p r e c i a t e d  t h a t  ( 3 8 )  ,  ( 8 5 )  ,  ( 1 1 8 )  w h e n  i s  k n o w n
e x a c t l y ,  X R m a y  b e  v i e w e d  a s  a  " m e a s u r e m e n t ”  a n d  t h e  
s y s t e m  e q u a t i o n s  a s  a  m e a s u r e m e n t  m o d e l .  T h e  p r o c e s s  n o i s e  
m a y  t h u s  b e  v i e w e d  a s  a  " m e a s u r e m e n t "  n o i s e  a n d  a u g m e n t e d  
s y s t e m  o r d e r  r e d u c e d  s o  t h a t  o n l y  u n m e a s u r e d  s t a t e s  a n d  
p a r a m e t e r s  n e e d  b e  e s t i m a t e d .  T h e  r e c u r s i v e  E K F  e q u a t i o n s  
( 7 . 1 4 )  -  ( 7 . 1 7 )  d i r e c t l y  a p p l y  t o  t h e  r e a r r a n g e d  s y s t e m .
1 3 3
A  n u m b e r  o f  w o r k e r s  h a v e  c o n s i d e r e d  c o m p u t a t i o n a l  
m o d i f i c a t i o n s  t o  t h e  f i l t e r  f o r m s .  T h e s e  h a v e  b e e n  
i n t e n d e d  t o
7 . 4 .  C o m p u t a t i o n a l  E n h a n c e m e n t s .
( a )  i n c r e a s e  c o m p u t a t i o n a l  s p e e d
( b )  r e d u c e  s t o r a g e  r e q u i r e m e n t s
( c )  i m p r o v e  n u m e r i c a l  p r e c i s i o n .
T h e  a p p l i c a t i o n  o f  t h e s e  w i l l  b e  c o n s i d e r e d  f o r  a  
n o n l i n e a r  s y s t e m  a n d  a  l i n e a r  o b s e r v a t i o n  m o d e l  o f  t h e  f o r m
z i  =  H i ’ X l  +  v i  .................................................................................................................. t 7 - 3 9 )
a s  i n  t h e  c a s e  o f  t h e  r e a l  C S T R  s y s t e m  t o  b e  i n v e s t i g a t e d .
7 . 4 . 1 .  A l t e r n a t i v e  c a l c u l a t i o n  o f  P ^ / ^ *
A n  a l t e r n a t i v e  f o r m  o f  e q u a t i o n  ( 7 . 1 6 )  c o m m o n  t o  
a l l  e s t i m a t o r s  c o n s i d e r e d  i s
p k / k  ■  ^ - W - f a k - i - ^ ' V n f a  +  G k - R k - G k  4 0 )
A o k i  ( 3 )  h a s  p o i n t e d  o u t  t h a t  e q u a t i o n ( 7 . 4 0 )  i s  
p r e f e r a b l e  t o  e q u a t i o n  ( 7 . 1 6 )  b e c a u s e
( a )  t h e  R H S  o f  e q u a t i o n  ( 7 . 4 0 )  i s  t h e  s u m  o f  t w o  
s y m m e t r i c  p o s i t i v e  d e f i n i t e  m a t r i c e s  a n d
1 3 4
t h u s  P k / k  m u s t  b e  p o s i t i v e  d e f i n i t e .  T h i s  
d o e s  n o t  a p p l y  t o  e q u a t i o n  ( 7 . 1 6 ) .
( b )  s m a l l  e r r o r s  m a d e  i n  t h e  c a l c u l a t i o n  o f  G k  
a f f e c t  P k / k  c a l c u l a t e d  f r o m  e q u a t i o n  ( 7 . 1 6 )  
b u t  n o t  f r o m  e q u a t i o n  ( 7 . 4 0 ) .
T h e  d i s a d v a n t a g e  o f  e q u a t i o n  ( 7 . 4 0 )  l i e s  i n  t h e  
i n c r e a s e d  c o m p u t a t i o n a l  b u r d e n .
7 . 4 . 2 .  S e q u e n t i a l  P r o c e s s i n g  ( S P ) .
I f  i n d i v i d u a l  m e a s u r e m e n t  e r r o r s  a r e  u n c o r r e l a t e d  
t h e n  i t  i s  p o s s i b l e  t o  p r o c e s s  m e a s u r e m e n t s  s e q u e n t i a l l y  
i n s t e a d  o f  s i m u l t a n e o u s l y .  T h i s  a v o i d s  t h e  m a t r i x  i n v e r s i o n  
i n  e q u a t i o n  ( 7 . 1 4 )  a n d  s i m i l a r  e q u a t i o n s .  H o w e v e r  i t  i s  n o t  
p o s s i b l e  t o  a p p l y  t h i s  t o  t h e  e x a c t  m e a s u r e m e n t  e s t i m a t o r .
T h e  p r o c e s s  i s  a s  f o l l o w s  ( 9 4 )  ,  ( 1 3 1 ) .
A  A
( a )  F o r m  X ]c / ] c - 1 > p k / ]c_ 1 > ( G k ) i , ( X k / k ) i  a n d  ( P k / k )  i
u s i n g  t h e  r e l e v a n t  e s t i m a t o r  e q u a t i o n s  a n d  t h e  
f i r s t  m e a s u r e m e n t  ( z k ) i »  m e a s u r e m e n t  n o i s e  
c o v a r i a n c e ( R k ) i  a n d  p a r t i a l  m e a s u r e m e n t  m o d e l  
v e c t o r  ( H k ) i ,
A
( b )  B a s e d  o n  ( x k / k ) i  a n d  ( F k / k ) i » p r o c e s s  ( z k ) 2 
u s i n g  t h e  r e l a t i o n s
(Gk h  = CPk / r i 1 < Hk ^  ■ ( r f r f  • <pk / k ) »• (Hk ^  + C V * / ' 1
................................. ( 7 . 4 1 )
1 3 5
= 4 / k ^ 1 + <Gk ^ ‘ CCzk )2 -  (Hk ) 2 . ( X k / k ) 0  . . ( 7  
Cp k / k ) a  =  ( I  "  (Gk ) 2 . ( H k ) 2>  ( P k / k ) l  _ ............................. (7
( c )  R e p e a t  ( b )  w i t h  n e x t  s e t  o f  d a t a  a n d  a l l  
r e l e v a n t  s u b s c r i p t s  i n c r e m e n t e d  b y  o n e .
C o n t i n u e  u n t i l  a l l  d a t a  h a v e  b e e n  p r o c e s s e d ,  
b y  w h i c h  t i m e  t h e  s t a t e  e s t i m a t e  v e c t o r  a n d  
e r r o r  c o v a r i a n c e  m a t r i x  w i l l  b e  c o m p l e t e l y  
f o r m e d  f r o m  e q u a t i o n s  ( 7 . 4 2 )  a n d  ( 7 . 4 3 ) .
7 . 4 . 3 .  S q u a r e  R o o t  C o v a r i a n c e  P r o p a g a t i o n  ( S R ) .
S e v e r a l  a u t h o r s  h a v e  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  
p r o p a g a t i n g  a  ' s q u a r e  r o o t '  o f  P  r a t h e r  t h a n  P  i t s e l f ,  a n d  
t h e r e b y  m a i n t a i n i n g  P  i n  p o s i t i v e  s e m i d e f i n i t e  f o r m .
T h e  s q u a r e  r o o t  i m p l e m e n t a t i o n s ,  h e r e  f o l l o w  K a m i n s k i ,  
B r y s o n  a n d  S c h m i d t  ( 7 1 )  ,  w h o  c o n s i d e r e d  l i n e a r  s y s t e m s  a n d  
m e a s u r e m e n t  m o d e l s .  T h i s  s e c t i o n  e x t e n d s  t h e  t h e o r y  t o  
n o n l i n e a r  s y s t e m s  w i t h  l i n e a r  m e a s u r e m e n t  m o d e l s .
7 . 4 . 3 . 1 .  S q u a r e  R o o t  F o r m u l a t i o n  o f  E K F .
A n  o r t h o g o n a l  t r a n s f o r m a t i o n  m a t r i x ,  m a y  b e
d e f i n e d  s u c h  t h a t
n
r   * ................. C7
w h e r e  i s  a n  m a t r i x
a n d  W t i s  a n  u p p e r  t r i a n g u l a r  m a t r i x .
. 4 3 )
. 4 2 )
. 4 4 )
T h e  r e c u r s i v e  e q u a t i o n s  a r e  
P r e d i c t i o n .
1 3 6
E q u a t i o n ( 7 . 1 0 )  i s  r e p l a c e d  b y
n
ii
S k - 1 A - 1 '  * k / k ' l f X k - l / k - l ?
m 0
( 7 . 4 5 )
w h e r e  S i s  a  m a t r i x  s q u a r e  r o o t  o f  P ,  i . e .  S . S ^  4  P  
a n d  U j f  i s  a  m a t r i x  s q u a r e  r o o t  o f  Q k , i . e .  U ^ t r f c  =  Q
C o r r e c t i o n .
E q u a t i o n s  ( 7 . 1 4 )  -  ( 7 . 1 6 )  m a y  b e  r e p l a c e d  b y  r  
s e q u e n t i a l  s c a l a r  u p d a t e s  o f  t h e  f o r m
C ! M
E-pII
o>
1
U  ; k / k
rp rp i rp 
Q TT1 | Q 1
k / k - 1  k  J k / k - 1
( 7 . 4 6 )
n
A A A
X k / k  ~  X k / k - l  +  * ( z k ' H k ‘ X k / k - l ) ( 7 . 4 7 )
w h e r e  i s  a  m a t r i x  s q u a r e  r o o t  o f  R ^ .
7 . 4 . 3 . 2 .  S q u a r e  R o o t  F o r m u l a t i o n  o f  MGSOF.
P r e d i c t i o n .
S i n c e  t h e  p r e d i c t i o n  a n d  c o v a r i a n c e  p r o p a g a t i o n  
e q u a t i o n s  a r e  c o u p l e d  t h e y  m u s t  b e  i n t e g r a t e d  
s i m u l t a n e o u s l y .  A  s q u a r e  r o o t  f o r m u l a t i o n  o f  e q u a t i o n  
( 7 . 2 2 )  h a s  b e e n  p r o v i d e d  b y  A n d r e w s  ( 2 ) .
s ( t ) = M i f l . i L i O
<5W
A
W = W ( t )
. S ( t ) A S  ( t )  +  S ( t ) S ( t )
I -1
. .  ( 7 . 4
S u b s e q u e n t l y  S m a y  b e  s q u a r e d ,  a d d e d  t o  Q k ,  a n d  t h e  
s q u a r e  r o o t  o f  t h e  r e s u l t ,  f o u n d  b y  a  k n o w n  a l g o r i t h m
( 7 1 ) .  N u m e r i c a l  i n t e g r a t i o n  o f  e q u a t i o n  ( 7 . 4 8 )  m a y  b e  
a c c e l e r a t e d  b y  m a i n t a i n i n g  S ( t ) .  i n  l o w e r  t r i a n g u l a r  f o r m  t o  
f a c i l i t a t e  t h e  c o m p u t a t i o n  o f  i t s  i n v e r s e .  A n d r e w s  h a s  
d e f i n e d  t h e  e l e m e n t s  o f  t h e  a n t i s y m m e t r i c  m a t r i x ,  A S ( t ) ,  i n  
e q u a t i o n  ( 7 . 4 8 )  s u c h  t h a t  t h i s  c o n d i t i o n  i s  m e t .  T h e  e l e m e n t  
i n  t h e  j t h  r o w  a n d  i t h  c o l u m n ,  A S j ^ ,  i s  g i v e n  b y
A S S .  .
n
( n£
*1=j
f i f ( W , u , t )
<5W
i-i j-i
* S y .  +  £  A S  . ,  .  S  . -  £
l - il jl l  J
. A S ,  - S T 1
11 3 1  i - i + i  1 1  3 1
 ( 7 . 4 9 )
w h i c h  m a y  b e  s o l v e d  b y  r e c u r s i o n  o n  r o w s  o r  c o l u m n s .  T h e  
c o r r e c t i o n  e q u a t i o n s  f o r  a  l i n e a r  m e a s u r e m e n t  m o d e l  a r e  t h e  
s a m e  f o r  t h e  M G S O F  a s  t h e  E K F .
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7 . 4 . 3 . 5 .  S q u a r e  R o o t  F o r m u l a t i o n  o f  I E F S .
T h i s  f o l l o w s  d i r e c t l y  f r o m  e q u a t i o n s  ( 7 . 4 5 )  -  ( 7 . 4 7 )
f o r  t h e  E K F .  T h e  s m o o t h i n g  e q u a t i o n  ( 7 . 3 6 )  i s  s o l v e d  b y
s q u a r i n g  S  t o  o b t a i n  P .
7 . 4 . 3 . 4 .  C o m m e n t s  o n  S q u a r e  R o o t  F o r m u l a t i o n s .
T h e  t r a n s f o r m a t i o n  p r o c e d u r e  ( e q u a t i o n  ( 7 . 4 4 ) )  
r e q u i r e d  b y  s o m e  s q u a r e  r o o t  a l g o r i t h m s  m a y  b e  a c c o m p l i s h e d  b y  
s e v e r a l  d i f f e r e n t  m e t h o d s .  N u m e r o u s  n u m e r i c a l  s t u d i e s  ( 1 5 ) ,
( 6 5 )  a n d  ( 1 1 4 )  c o n c e r n e d  w i t h  e r r o r  g r o w t h  h a v e  f o u n d  t h a t  t h e  
t w o  m o s t  p r o m i s i n g  a l g o r i t h m s  a r e  t h e  M o d i f i e d  G r a m - S c h m i d t  ( 1 5 )
a n d  t h e  H o u s e h o l d e r  ( 5 6 ) .  I n  o n e  o f  t h e  m o r e  r e c e n t  s t u d i e s ,
J o r d a n  ( 6 5 )  c o n c l u d e d  t h a t  t h e  H o u s e h o l d e r  a l g o r i t h m  w a s  
c o m p ' e t i t i v e  w i t h  t h e  M o d i f i e d  G r a m - S c h m i d t  a l g o r i t h m  f o r  
a c c u r a c y  a n d  i n  v i e w  o f  i t s  s m a l l e r  c o m p u t a t i o n a l  b u r d e n  i t
w i l l  b e  t h e  o n e  u s e d  i n  t h i s  s t u d y .
7 . 5 .  D e t e r m i n i s t i c  C o n t r o l  T h e o r y .
T h r e e  m a j o r  c o n t r o l  a l g o r i t h m s  w i l l  b e  c o n s i d e r e d .
I t  w i l l  b e  a s s u m e d  t h a t  t h e  s t a t e s ,  W ,  i n  e q u a t i o n  ( 7 . 2 )  a r e  
d i r e c t l y  m e a s u r a b l e .
7 . 5 . 1 .  L i n e a r i s e d  C o n t r o l l e r ,  ( L C ) .
T h e  n o n l i n e a r  s y s t e m  d e s c r i b e d  b y  e q u a t i o n  ( 7 . 2 )  m a y  
b e  l i n e a r i s e d  a b o u t  a  d e s i r e d  o p e r a t i n g  s t a t e  W D ,  c o r r e s p o n d i n g
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t o  c o n t r o l  U D ,  t o  y i e l d  
*
W L ( t )  =  A . W L ( t )  +  B . U L ( t )   ................................................................ ( 7 . 5 0 )
w h e r e
W L ( t )  =  W ( t )  -  WD  .....................................................................  ( 7 . 5 1 )
U L ( t )  =  U ( t )  -  U D  ............................................................................   ( 7 . 5 2 )
a n d  t h e  J a c o b i a n  m a t r i c e s ,  A  a n d  B ,  h a v e  e l e m e n t s  i n  
t h e  i t h  r o w  a n d  j t h  c o l u m n  d e f i n e d  b y
A . .  -  « .C W , U , t ) .  C 7 - 5 3 )
1J fiWj
B =  ( W , U , t )  •  ( 7 . 5 4 )
I f  U  i s  c o n s t a n t  o v e r  a  c o n t r o l  i n t e r v a l ,  S t ,  t h e n  t h e  f o l l o w i n g  
d i f f e r e n c e  e q u a t i o n  i s  e q u i v a l e n t ,  a t  t h e  s a m p l i n g  i n s t a n t ,  t o  
e q u a t i o n  ( 7 . 5 0 ) .
W L 4  =  $ . W L i ^ 1 +  A . U L . ^   ..................................................................( 7 . 5 5 )
w h e r e  $  a n d  A a r e  c o n s t a n t  c o e f f i c i e n t  m a t r i c e s  >
$  i s  a n a l a g o u s  t o  t h e  p r e v i o u s l y  d e f i n e d  t r a n s i t i o n
m a t r i x  a n d  A m a y  b e  e v a l u a t e d  f r o m  t h e  r e l a t i o n  ( 1 0 3 )
A =  / d t  e  A <  ( 3 t _ T )  ^ b  d x  .......................................................................... ( 7 . 5 6 )
I f  t h e  p e r f o r m a n c e  i n d e x  i s  d e f i n e d  a s : -
I P  =  W l L f W . W L  +  I  W l T . S Q . W L .  +  U l T  . c r .  U L .  , . . ( 7 . 5 7 )
n  n  1  = i l  l  i - i  i - i  v J
I
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t h e n  i t  h a s  b e e n  s h o w n  ( 8 2 )  t h a t ,  p r o v i d e d  t h e  m a t r i c e s  F W ,
S Q  a n d  C R  m e e t  c e r t a i n  c o n d i t i o n s  ( 1 0 2 ) ,  t h a t  t h e  d i s c r e t e  
o p t i m a l  c o n t r o l  U O P T L  i s  g i v e n  b y
U 0 P T i  »  U D  -  K F B n - i . W L i  .....................................................................................( 7 . 5 8 )
w h e r e  K F B  i s  g i v e n  b y  t h e  r e l a t i o n s
KFBn - i  = ( a T - ( S Q + V i - P - 4  + C R ) " ! a T . ( S Q  + En _ i . 1 ) . 4>
................................................( 7 . 5 9 )
E n - i  “  J - C S Q  +  E n _ i _ i ) - ( *  "  A . K F B n _ i )  ............................. ( 7 . 6 0 )
w i t h  t h e  i n i t i a l  c o n d i t i o n s
E 0  =  o  ............................................................................................................................................ ( 7 . 6 1 )
f o r  t h e  ’ i n f i n i t e - s t a g e f c a s e  a n d
E Q =  F W  ...........................................................................................................   ( 7 . 6 2 )
f o r  t h e  ’ f i n i t e - s t a g e ’ c a s e .  T h e  i n c l u s i o n  o r  e x c l u s i o n  o f  
t h e  m a t r i x  F W  i s  i m m a t e r i a l  i n  t h e  ’ i n f i n i t e  s t a g e ’ c a s e .  F o r  
r e g u l a t i o n  p u r p o s e s  t h e r e  i s  u s u a l l y  n o  s p e c i f i c  n u m b e r  o f  
s t a g e s  a s  t h e  o b j e c t i v e  i s  s i m p l y  t o  k e e p  s t a t e s  a t  t h e i r  
d e s i r e d  v a l u e s  f o r  a l l  t i m e .  F o r  t h i s  c a s e ,  K F B  u s u a l l y  
c o n v e r g e s  t o  a  c o n s t a n t  v a l u e  i n  a  f e w  i t e r a t i o n s .  I n  a l l  
p r a c t i c a l  e x p e r i m e n t s  t h e  ’ i n f i n i t e - s t a g e '  f o r m  w i l l  b e  
u t i l i s e d .
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7 . 5 . 2 .  G r e t h l e i n - L a p i d u s  C o n t r o l l e r  ( G L C ) .
I f  a t t e n t i o n  i s  o n c e  m o r e  f o c u s s e d  u p o n  t h e  
c o n t i n u o u s  n o n l i n e a r  s y s t e m  d e s c r i b e d  b y  e q u a t i o n  ( 7 . 2 )  a n d  
t h e  p e r f o r m a n c e  i n d e x  g i v e n  b y  e q u a t i o n  ( 7 . 5 7 ) ,  t h e n  a  g r e a t  
s i m p l i f i c a t i o n  r e s u l t s ,  i f ,  i n s t e a d  o f  a n  o v e r a l l  o p t i m u m ,  
a n  i n s t a n t a n e o u s  o p t i m u m  o v e r  o n e  c o n t r o l  i n t e r v a l  i s  s o u g h t .
F o r  t h e  s c a l a r  c o n t r o l  t o  b e  a p p l i e d ,  t h e  i n d e x  i s  
c a l c u l a t e d  o v e r  o n e  c o n t r o l  i n t e r v a l  f o r  a  m a x i m u m ,  m i n i m u m  
a n d  i n t e r m e d i a t e  c o n t r o l .  W h e n  n e c e s s a r y ,  a  s e c o n d  o r d e r  
p o l y n o m i a l  i s  f i t t e d  t o  t h e  U / I P  d a t a  t o  f i n d  t h e  o p t i m a l  
c o n t r o l .
7 . 5 . 3 .  P a r a d i s - P e r l m u t t e r  C o n t r o l l e r  ( P P C ) .
I f  t h e  s y s t e m  e q u a t i o n s  a r e  l i n e a r  w i t h  r e s p e c t  t o  
t h e  c h o s e n  c o n t r o l  v a r i a b l e s ,  i . e .  i f  e q u a t i o n  ( 7 . 2 )  m a y  b e  
r e w r i t t e n  i n  t h e  f o r m
W ( t )  =  f i ( W , t )  +  f 2 ( W , t )  . U ( t )  ...............................................................( 7 . 6 3 )
w h e r e  f i  (  )  i s  a  n o n l i n e a r  v e c t o r  f u n c t i o n  o f  W 
a n d  f 2 (  )  i s  a  n o n l i n e a r  m a t r i x  f u n c t i o n  o f  W 
a n d  i f  a  p e r f o r m a n c e  i n d e x  o f  t h e  f o r m
I P  =  W L  ( t ) T . S Q .  W L  ( t )  .  d t  ........................................  ( 7 . 6 4 )
w h e r e  0  r e p r e s e n t s  t i m e 9 i s  p o s t u l a t e d ,  t h e n  P a r a d i s  a n d  
P e r l m u t t e r  ( 1 0 9 )  h a v e  s u g g e s t e d  a  s u b o p t i m a l  c o n t r o l  p o l i c y  s u c h
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t h a t  t h e  I P  i s  r e d u c e d  t o  z e r o  a s  r a p i d l y  a s  p o s s i b l e  b y  
i n s t a n t a n e o u s  m i n i m i s a t i o n  o f  i t s  t i m e  d e r i v a t i v e
I P  = 2 W L ( t ) T . S Q . W L ( t )   ( 7 . 6 5 )
D i f f e r e n t i a t i o n  o f  e q u a t i o n  ( 7 . 5 1 )  a n d  s u b s t i t u t i o n  
i n t o  e q u a t i o n s  ( 7 . 6 3 )  a n d  ( 7 . 6 5 )  y i e l d s
I P  =  2 W L ( t ) T . S Q . f i ( W , t )  + 2 W L ( t ) T . S Q . f 2 ( W , t ) . U ( t ) . . ( 7 . 6 6 )
S i n c e  t h i s  e x p r e s s i o n  i s  l i n e a r ,  i n  U ,  t h e  m i n i m i s i n g  
c o n t r o l s  m u s t  b e  e x t r e m e  a n d  b e  g i v e n  b y  t h e  s i g n u m  f u n c t i o n
U ( t )  =  s i g n ( - f 2 ( W , t ) T . S Q . M ( t ) )  ..................................................' . . . ( 7 . 6 7 )
I n  d i s c r e t e  f o r m ,  e q u a t i o n  ( 7 . 6 7 )  b e c o m e s  
U ±  =  s i g n  ( - f 2 ( W i , t ) T . S Q . W 1 )   ( 7 . 6 8 )
S i n c e  t h i s  a l g o r i t h m  h a s  n o  p r e d i c t i v e  p o w e r s ,  i f  
a  l a r g e  c o n t r o l  i n t e r v a l  i s  c h o s e n ,  o v e r s h o o t  m a y  o c c u r .  I t  
w a s  t h e r e f o r e  d e c i d e d  t o  u s e  t h i s  a l g o r i t h m  t o  d r i v e  t h e  p r o c e s s  
t o w a r d s  d e s i r e d  s t a t e s  o n l y  a n d  t h e n  t o  e m p l o y  o t h e r  a l g o r i t h m s  
f o r  r e g u l a t i o n .
7 . 5 . 4 .  A d d i t i o n a l  S c h e m e s .
A l l  t h e  p r e v i o u s  s c h e m e s  h a v e  b e e n  c h o s e n  b e c a u s e  t h e
c o n t r o l  c a l c u l a t i o n s  a r e  r e l a t i v e l y  f a s t  a n d  a r e  w e l l  s u i t e d  t o
\
i n c l u s i o n  i n  a n  a d a p t i v e  c o n t r o l  l o o p .
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T i m e  O p t i m a l  c o n t r o l  s c h e m e s  t h a t  m i n i m i s e  a n  i n d e x  
o f  p e r f o r m a n c e  o f  t h e  f o r m
I P  =  f * f  d t   ( 7 . 6 9 )
w h e r e  t f  i s  t h e '  t i m e  r e q u i r e d  t o  a t t a i n  a  d e s i r e d  s t a t e , h a v e  
b e e n  s h o w n  t o  g i v e  g o o d  r e s u l t s  w h e n  a p p l i e d  t o  s i m i l a r  r e a c t o r  
s y s t e m s  ( 1 9 ) ,  ( 6 1 ) .  H o w e v e r ,  t h e y  w i l l  n o t  b e  c o n s i d e r e d  h e r e  
b e c a u s e  t h e  r e p e a t e d  s y s t e m  e q u a t i o n  i n t e g r a t i o n  r e q u i r e d  f o r  
t h e  c a l c u l a t i o n  o f  s w i t c h i n g  c u r v e s  w o u l d  t a k e  t o o  m u c h  t i m e  
f o r  a n  a d a p t i v e  a p p l i c a t i o n .  H o w e v e r ,  i t  s h o u l d  b e  n o t e d
t h a t  f o r  a  l a r g e r ,  s l o w e r  s y s t e m  t h i s  m a y  n o t  b e  t h e  c a s e .
7 . 6 .  T h e  S e p a r a t i o n  T h e o r e m  a n d  A d a p t i v e  S t o c h a s t i c  C o n t r o l .
S o  f a r ,  t h e  n o n l i n e a r  s t a t e  a n d  p a r a m e t e r  e s t i m a t i o n
p r o b l e m  a n d  t h e  n o n l i n e a r  d e t e r m i n i s t i c  o p t i m a l  c o n t r o l  p r o b l e m
h a v e  b e e n  c o n s i d e r e d .  T h e  s i m u l t a n e o u s  s o l u t i o n  t o  t h e s e  t w o
p r o b l e m s  -  t h a t  i s ,  t h e  s o l u t i o n  o f  t h e  n o n l i n e a r  s t o c h a s t i c
o p t i m a l  c o n t r o l  p r o b l e m  -  i s  u n l i k e l y  t o  r e s u l t  i n  a n
o p t i m u m  d e s i g n  ( 6 4 )  . C o n c e p t u a l l y ,  s u c h  a  d e s i g n  w o u l d  c o n s i s t
A
o f  t h e  r e p l a c e m e n t  o f  r e l e v a n t  W ’ s  b y  X ' s  i n  t h e  d i s c r e t e  
d e t e r m i n i s t i c  c o n t r o l  a l g o r i t h m s .
H o w e v e r ,  t h e  c o n t r o l l e r s  p r o p o s e d  a r e  a l l  s u b o p t i m a l ,  
a n d  p r e v i o u s  w o r k  ( 1 9 )  h a s  c o n f i r m e d  t h a t  t h e  a p p l i c a t i o n  o f  
t h e  S e p a r a t i o n  T h e o r e m  m a y  n o t  l e a d  t o  s e r i o u s  p e r f o r m a n c e  
d e g r a d a t i o n  i n  t h i s  c a s e .
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A s  r e m a r k e d  a l r e a d y ,  u s e  o f  a  K a l m a n  t y p e  
e s t i m a t o r  p e r m i t s  s i m u l t a n e o u s  s t a t e  a n d  p a r a m e t e r  e s t i m a t i o n  
a n d  t h e  c o n t r o l l e r s  c h o s e n  a r e  a b l e  t o  r e c e i v e  s t a t e  a n d  
p a r a m e t e r  e s t i m a t e s  i n  o r d e r  t o  w o r k  a d a p t i v e l y .
I n  v i e w  o f  t h e  c o m p l e x i t y  o f  s o m e  a l g o r i t h m s ,  i t  
w a s  e x p e c t e d  t h a t  s o m e  c o m p u t a t i o n a l  t i m e  d e l a y s  w o u l d  b e  a  
f e a t u r e  o f  t h e i r  o p e r a t i o n .  I t  w a s  d e c i d e d  t o  a l l e v i a t e  s e r i o u s  
d e l a y s  b y  p r e d i c t i o n  ( 1 2 5 )  .
/
CHAPTER 8
E X P E R I M E N T A L  P R O C E D U R E
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8 .  EXPERIMENTAL PROCEDURE.
8 . 1 .  I n t r o d u c t i o n .
T h e  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  e v a l u a t e  
c o m b i n a t i o n s  o f  t h e  e s t i m a t i o n  a n d  c o n t r o l  a l g o r i t h m s  s e t  
o u t  i n  C h a p t e r  7  a n d  h e n c e  t o  a c h i e v e  t h e  o b j e c t i v e s  o f  
C h a p t e r  2 . ;  t h e  u s e f u l  c o m b i n a t i o n s  a r e  s h o w n  i n  T a b l e  8 . 1 .
E a c h  e x p e r i m e n t  c o n s i s t e d  o f  a  n u m b e r  o f  r u n s  
i n v e s t i g a t i n g  o n e  p a r t i c u l a r  e s t i m a t i o n  a n d / o r  c o n t r o l  
a l g o r i t h m  u n d e r  c e r t a i n  c o n d i t i o n s ;  f o r  t h o s e  e x p e r i m e n t s  
w h i c h  r e q u i r e d  t h e  a d d i t i o n  o f  m e a s u r e m e n t  o r  p r o c e s s  n o i s e ,  
e a c h  r u n  h a d  a  d i f f e r e n t  n o i s e  s e q u e n c e .  F o r  a v e r a g i n g  
p u r p o s e s  o n e  h u n d r e d  r u n s  w e r e  c a r r i e d  o u t  i n  t h e  m a j o r i t y  
o f  s i m u l a t e d  e x p e r i m e n t s ;  t h e  ’ t y p i c a l r u n s  s h o w n  i n  t h e  
r e s u l t s  w e r e  c o n d u c t e d  w i t h  z e r o - m e a n  n o i s e  s e q u e n c e s .
T h e  ’ t r u e ’ p r o c e s s  f o r  s i m u l a t i o n  p u r p o s e s  w a s  
o b t a i n e d  b y  i n t e g r a t i n g  t h e  s y s t e m  e q u a t i o n s  w i t h  a  s m a l l  
s t e p  s i z e  a n d  n o m i n a l  p a r a m e t e r  v a l u e s .  I n  m o s t  s i m u l a t e d  
e x p e r i m e n t s ,  n o  p r o c e s s  n o i s e  w a s  a d d e d ,  b u t  s m a l l  e r r o r s  
d u e  t o  d i f f e r e n c e s  i n  i n t e g r a t i o n  s t e p  s i z e  b e t w e e n  t h e  
e s t i m a t o r  a n d  t h e  ’ t r u e ’ m o d e l  c r e a t e d  a  s i m i l a r  e f f e c t .  I n  
s i m u l a t e d  e x p e r i m e n t s  w i t h  t h e  E M E  h o w e v e r ,  t h e  i n t e g r a t i o n  
s t e p s  b e t w e e n  e s t i m a t o r  a n d  ’ t r u e 1 m o d e l  w e r e  i d e n t i c a l  a n d  
a  k n o w n  a m o u n t  o f  p r o c e s s  n o i s e  w a s  a d d e d .
T h e  m e a s u r e m e n t  s y s t e m  w a s  c a r e f u l l y  c o n s t r u c t e d  
a n d  w a s  e s s e n t i a l l y  n o i s e  f r e e ;  o b s e r v a t i o n s  o b t a i n e d  f r o m  
p r a c t i c a l  e s t i m a t i o n  e x p e r i m e n t s  ( n o t  i n v o l v i n g  t h e  E M E )
TABLE 8 .  1
P O S S I B L E  COMBINATIONS OF ALGORITHMS.
COMPUTATIONAL ESTIMATORS
ENHANCEMENTS EKF MGSOF
SQUARE
ROOT ( SR) YES • YES
OR SEQUENTI AL
PROCESSING CSP) YES YES
OR IMPROVED1
COVARIANCE ONLY - YES YES
OR IMPROVED
COVARIANCE + SP YES YES
CONTROLLERS
LI  NEARISEDC L C ) YES YES
OR GRETHLEI N-
LAPI DUSCGLC) YES~ YES
OR PARADI S  -
PERLMUTTER +
LI  NEARI S  EDC PP + L C ) YES YES
OR P ARADI S  -
PERLMUTTER +
GRETHLEI N -
LAP I DUS  C P P + G L C ) YES YES
OR OPEN-LOOP
PREC OMPUTEDCOL) YES YES
OR ANALOG CONTROL
ON CACAC) NO NO
I E F S  EME NONE 
YES • YES
YES NO
YES . YES
YES NO
YES YES YES
YES YES y e s
YES YES YES
YES YES YES
YES YES y e s
NO NO y e s
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w e r e  a r t i f i c i a l l y  c o r r u p t e d  w i t h  n o i s e .  A  n o i s e  l e v e l  
w a s  c h o s e n  w h i c h  d i d  n o t  m a s k  n o n l i n e a r  e f f e c t s  a n d  y e t  
a d e q u a t e l y  t e s t e d  t h e  a l g o r i t h m s .
E l e c t r i c a l  m e a s u r e m e n t s  w e r e  c o n v e r t e d  i n t o  
r e l e v a n t  u n i t s  e x t e r n a l l y  t o  t h e  f i l t e r ,  s o  t h a t  p r o c e s s  
s t a t e s  w e r e  c o n s i d e r e d  d i r e c t l y  m e a s u r a b l e  a n d  p a r a m e t e r  
e q u a t i o n s  w e r e  o f  t h e  t r i v i a l  f o r m
C =  o   ( 8 . 1 )
w h e r e  C i s  a  p a r a m e t e r  v e c t o r .
A d d i t i o n a l l y  i t  w a s  d e c i d e d  t h a t ,  b e c a u s e  o f  
c o m p u t a t i o n a l  l i m i t a t i o n s ,  i t  w a s  n o t  f e a s i b l e  t o  u s e  t h e  
m o r e  c o m p l e x  e x p r e s s i o n  d e s c r i b i n g  t h e  s p e c i f i c  h e a t  f l u x ,  
U A R ,  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  c o o l a n t  f l o w r a t e .
8 . 2 .  S o f t w a r e  D e v e l o p m e n t .
8 . 2 . 1 .  M a i n  P r o g r a m s .
A l l  t h e  a l g o r i t h m s  d e s c r i b e d  i n  C h a p t e r  7 w e r e  
c o d e d  i n  F O R T R A N  I V  a n d  n e c e s s a r y  m a t h e m a t i c a l  s e r v i c e  
r o u t i n e s  w e r e  a d d e d .  M o s t  o f  t h e s e  w e r e  s t r a i g h t f o r w a r d ,  
b u t  o f  n o t e  a r e  t h e  p i v o t a l  c o n d e n s a t i o n  t e c h n i q u e  w h i c h  
w a s  u s e d  f o r  m a t r i x  i n v e r s i o n  a n d  a  m a c h i n e  c o d e  m a t r i x  
m u l t i p l i c a t i o n  r o u t i n e  w h i c h  w a s  e x t e n d e d  t o  d e a l  w i t h  
m a t r i c e s  o f  v a r i a b l e  d i m e n s i o n s .  T h e  R u n g e - K u t t a
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i n t e g r a t i o n  r o u t i n e  m e n t i o n e d  e a r l i e r  w a s  e x t e n d e d  t o  
c o p e  w i t h  t h e  m a t r i x  d i f f e r e n t i a l  e q u a t i o n s .
- 8 . 2 . 2 .  S u b s i d i a r y  P r o g r a m s .
A  n u m b e r  o f  s i m p l e  r o u t i n e s  w e r e  a d d e d  t o  t h e  
m a i n  p r o g r a m s ,  i n  o r d e r  t o  i n c r e a s e  t h e i r  f l e x i b i l i t y .
T h e y  i n c l u d e d :
( a )  a n  e x p o n e n t i a l  f i l t e r i n g  r o u t i n e  
f o r  r e a l  t i m e  a p p l i c a t i o n s  w h i c h  
p r o c e s s e d  d a t a  a c c o r d i n g  t o
z k + l  z k  +  G E X * ( z k + l ~  z k ^  ................................... ( 8 . 2 )
w h e r e  G E X  i s  t h e  f i l t e r  g a i n  ( O ^ G E X ^ l )
( b )  a  p r e c o m p u t e d  o p e n - l o o p  c o n t r o l  
a l g o r i t h m  s o  t h a t  e s t i m a t o r  
p e r f o r m a n c e  a l o n e  m a y  b e  e x a m i n e d ;
( c )  a  p r o p o r t i o n a l  p l u s  i n t e g r a l  ( P + I )  
c o n t r o l  p r o g r a m  w h i c h  o p e r a t e d  o n  
c o n c e n t r a t i o n  e r r o r s ;
( d )  a  s i m p l e  d a t a  l o g g i n g  o p t i o n .
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A l l  p r o g r a m s  w e r e  c o n s t r u c t e d  u s i n g  t h e  D O S  
o v e r l a y  o p t i o n  b e c a u s e  o f  c o r e  s i z e  r e s t r i c t i o n s ,  t h e  o n l y  
e n t i r e l y  r e s i d e n t  p o r t i o n s  t h e n  b e i n g  c o m m o n  a r e a s .  S m a l l  
t i m e  d e l a y s  c a u s e d  b y  r e a d i n g  t h e  o v e r l a y s  f r o m  d i s c  w e r e  
c o m p e n s a t e d  b y  p r e d i c t i o n .  M o d u l a r  c o n s t r u c t i o n  
f a c i l i t a t e d  t e s t i n g  o f  t h e  a l g o r i t h m s  p r i o r  t o  u s e .
A  t y p i c a l  f l o w s h e e t  f o r  a n  E K F  a n d  L C  i s  s h o w n  i n  
F i g u r e  8 . 1 ,  a n d  a  m o r e  d e t a i l e d  f l o w s h e e t  o f  e s t i m a t i o n  a n d  
c o n t r o l  o p e r a t i o n s  i n  F i g u r e  8 . 2 .  T h e  c o d e d  a l g o r i t h m s  a r e  
e x t e n s i v e l y  c o m m e n t e d  a n d  f u r t h e r  i n f o r m a t i o n  w i l l  b e  f o u n d  
b y  e x a m i n i n g  t h e  l i s t i n g s  i n  A p p e n d i x  B .
B r i e f l y ,  t h e  m o d e  o f  o p e r a t i o n  o f  t h e  p r o g r a m s  
w a s  a s  f o l l o w s
( a )  A l l  c o n d i t i o n s ,  d a t a  a n d  a n  o p e r a t i o n a l  
c o d e  d e n o t i n g  t h e  t y p e  o f  e x p e r i m e n t  
r e q u i r e d  w e r e  r e a d  f r o m  d i s c  a n d  p r e ­
l i m i n a r y  c a l c u l a t i o n s  p e r f o r m e d  b y  a n  
i n i t i a l i s a t i o n  p r o g r a m .  T h i s  p r o g r a m  t h e n  
s t a r t e d  t h e  r e q u i r e d  e s t i m a t i o n  a n d / o r  
c o n t r o l  p r o g r a m ,  w h i c h  c o u l d  b e  o n e  o f  
s i x  m a i n  t y p e s .
( b )  T h i s  s e c o n d a r y  p r o g r a m  r a n  a  s p e c i f i e d  
n u m b e r  o f  t i m e s  f o r  a  s p e c i f i e d  n u m b e r  o f
8 . 2 . 3 .  O p e r a t i n g  E n v i r o n m e n t .
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FIGURE 8 ,1  TYPICAL 'FLOWSHEET FOE SIMULATED ADD PRACTICAL BXEBRIMSMTS.
FIGURE 8 .2  TYPICAL ESTIMATION Al© CONTROL FLOWSHEET.
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i t e r a t i o n s  a n d  s a m p l i n g  i n t e r v a l .  A t  
e v e r y  i t e r a t i o n  r e s u l t s  w e r e  r e c o r d e d  
o n  t h e  V D U  a n d  d i s c  s o  t h a t  p r o g r e s s  
w a s  m o n i t o r e d .  C o n t r o l  w a s  t h e n  p a s s e d  
t o  t h e  f i n a l  p r o g r a m .
( c )  T h e  d a t a  a n a l y s i s  p r o g r a m  e v a l u a t e d
r e s u l t s ,  p r i n t e d  t a b l e s  a n d  p u n c h e d  a  
p a p e r  t a p e  f o r  p l o t t i n g  o n  t h e  I C L  
1 9 0 5 F  c o m p u t e r  a s  r e q u i r e d .  I t  a l s o  
i n t e r r o g a t e d  t h e  c o n s o l e  h a n d s w i t c h e s  
a n d  i n i t i a t e d  a  n e w  e x p e r i m e n t  i f  
n e c e s s a r y .
I f  a  r e a l  t i m e  p r o g r a m  w a s '  t o  b e  e x e c u t e d ,  a  
v a r i a b l e  w a r m - u p  p e r i o d  p r e c e d e d  t h e  m a i n  c a l c u l a t i o n s  t o  
e n s u r e  t h e  p r o c e s s  w a s  i n  s t e a d y  s t a t e  b e f o r e  i n c e p t i o n  o f  
t h e  a l g o r i t h m s .
8 . 3 .  E x p e r i m e n t a l  C o n d i t i o n s .
T h e  n o m i n a l  v a l u e s  o f  m o d e l  p a r a m e t e r s  a r e  l i s t e d  
i n  A p p e n d i x  B ,  a n d  o p e r a t i o n a l  c o d e s  i n  A p p e n d i x  A .  M a i n  
e s t i m a t o r  a n d  c o n t r o l l e r  p a r a m e t e r s  f o r  e a c h  e x p e r i m e n t  
( s u c h  a s  m e a s u r e m e n t  n o i s e  c o v a r i a n c e )  w e r e  h e l d  c o n s t a n t  t o  
f a c i l i t a t e  c o m p a r i s o n s  b e t w e e n  a l g o r i t h m s ;  a  l i s t  o f  
a d d i t i o n a l  c o n s t a n t  p a r a m e t e r s  c o m m o n  t o  a l l  t h e  e x p e r i m e n t s  
a p p e a r s  i n  T a b l e  8 . 2 .
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TABLE 3 . 2
ADDI TI ONAL ESTIMATOR & 
PROGRAM VARI ABLE NAMES
CONTROLLER PARAMETERS.  
ARE IN BRACKETS.
MAXIMUM NUMBER OF I TERATI ONS  FOR I E F S ( I T ERMX) 
NUMBER OF RUNS,  SI MULATI  ON( IRUNMX)
NUMBER OF RUNS,  PRACTICALC IRUNMX)
NUMBER OF ESTI MATI ON/ CONTROL I N T E R V A L 5 ( ITOVMX) 
INTEGRATION S T E P S :
E S T I MA T I O N ,  2 D MODELCDTC1 ) )  
E S T I MA T I O N ,  3 D M0 DELCDT( 1 ) )  
CONTROL,  2 D MODELCDTC2 ) )
CONTROL,  3D MODELCDTC2 ) )
’ TRUE'  2 D MODELC DTC 3 )  )
' T RUE '  3 D MODELCDTC3 ) )
EME * TRUE * 2 D MO DEL C DT ( 3 ) )
EME ' T R U E '  3 D  MODELC DTC 3 )  )
ES TI  MATI ON/C ONTROL INT ERVAL C F T )
S U P P L I E D  ESTI MATI ON TI ME DELAY C T EC 2 ) )
S U P P L I E D  CONTROL TI ME DELAYCTCC2 ) ) .
CONTROL ACTUATION DELAY,  SI MULATI  ONCTCA)  
CONTROL ACTUATION DELAY,  PRACTI CALCTCA)  
CONTROLLER TOLERANCES:
2 D  MODEL,  T C TOLCTLC 1 ) )
2D MODEL,  CACTOLCTLC2 ) )
3D MODEL.  
3D MODEL.  
3D MODEL.
TCTOLCTLC1 ) )  
TCOCTOLCTLC 2 ) )  
CACTOLCTLC 3 ) )
L I N E A R I S E D  CONTROLLER ITERATOR  
GAI N TOLERANCECTOLGAI>
I NTEGRATION TOLERANCES:
ESTIMAT I ON C T OLI NT C 1 ) )
C ONTROL C T O L I N T ( 2 ) )
‘ TRUE* MODELCTOLI NT( 3 ) )
EQUI LI BRI UM STATE PREDICTOR  
I TERATOR TOLERANCECTOLEQM)
SET P O I N T S :
COOLANT FLOWRATEC S?CC 1 ) )
NAOH FLOWRAT EC SPC C 3 ) )
ETAC FLOWRATECSPCC 4 )  )
ANALOG CONTROLLER GAI NS :
PROPORTIONALCRPCC 5 ) )
INTEGRALCRICC 5 ) )
EXPONENTIAL F I LTER GAIN C E X P f )
UPPER CONTROL CONSTRAINTCUMAXC1 , 1 ) )
LOWER CONTROL CONSTRAINT CUM INC 1 , 1 ) )
NUMBER OF WARM-UP INTERVALSCIWARM)
ORN S T E I N - UH L EM BECK P ARAMET ER C BET A )
t h e  v a l u e s  o f  a l l  o t h e r  p a r a m e t e r s  u s e d ,  e . g c o n t r o l l e r
G A I N S ,  APPEAR ELSEWHERE.
1
100 
1
3 0
10 SECONDS  
5 SECONDS  
10 SECONDS  
5 SECONDS  
1 SECOND 
1 SECOND 
10 SECONDS  
5 SECONDS  
3 0  SECONDS  
SEE RESULTS  
S E E  RESULTS
0 SECONDS  
5 SECONDS
+ 0 R - 2 . 5  DEG K 
+ 0 R - 0 • 0 0 2 5  
KM0L/ M3  
+ 0 R - 2 . 5  DEG K 
+ 0 R - 5 0  DEG K 
+ 0 R - 0 . 0 0 2 5  
KM0L/ M3
1 %
0 * 5  SECONDS  
0 * 5  SECONDS
0 SECONDS
1 %
0 . 0 0 0 3  M3/ S E C  
3 . 3 3 3 E - 6  
M3/ S E C  
3 . 3 3 3 E - 6  
M3/ S  EC
2 3  1 2 0  
0 . 01  
1
3 2 3 * 1 5  DEG K 
2 9 3 . 1 5  DEG K 
3 0  
0*2
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I n i t i a l  s t a t e  e s t i m a t e s  w e r e  s p e c i f i e d  a s  t h o s e  p r e ­
d i c t e d  b y  t h e  m o d e l s  w i t h  n o m i n a l  p a r a m e t e r s ,  a n d  w e r e  c h o s e n  
b e c a u s e  i t  w a s  f o u n d  t h a t  e v e n  r e l a t i v e l y  l a r g e  i n i t i a l  s t a t e  
e r r o r s  c o u l d  b e  r a p i d l y  r e d u c e d .  I n i t i a l  p a r a m e t e r  e s t i m a t e s  
w e r e  d e l i b e r a t e l y  s p e c i f i e d  f a r  f r o m  t h e i r  n o m i n a l  v a l u e s  i n  
o r d e r  t o  r i g o r o u s l y  t e s t  t h e  e s t i m a t o r s .  O n l y  a b o u t  a  1 5 %  
v a r i a t i o n  c o u l d  b e  t o l e r a t e d  i n  t h e  a c t i v a t i o n  e n e r g y  t e r m  
h o w e v e r ,  a s  o t h e r w i s e  i n t e g r a t i o n  i n s t a b i l i t y  e n s u e d .
T h e  d i s c r e t e  o p e n - l o o p  c o n t r o l  u s e d  w a s  o f  t h e  f o r m : -
T C I j  =  3 0 8 . 1 5  +  1 5 .  s i n  (tt.(J-4)/8 ) ............................................................. ( 8 . 3 )
J  =  0 , 1 , .................................. 2 0
a n d
T C I  j  =  3 0 8 . 1 5  .............................................................  ( 8 . 4 )
J  >  2 0
w h e r e  T C I j  i s  t h e  c o o l a n t  i n l e t  t e m p e r a t u r e ,  t o  b e  a p p l i e d  
o v e r  t h e  J t h  c o n t r o l  i n t e r v a l ,  i n  d e g r e e s  a b s o l u t e .
T h i s  p o l i c y  e n s u r e d  t h a t  t h e  p r o c e s s  w a s  d r i v e n  t h r o u g h  
a  h i g h l y  d y n a m i c  t r a j e c t o r y  e n d i n g  i n  a  s t e a d y  s t a t e .  T h u s  a n  
e s t i m a t o r ’ s  p e r f o r m a n c e  o v e r  t w o  r e g i o n s  o f  i n t e r e s t  c o u l d  b e  
e x a m i n e d  i n  a  s i n g l e  e x p e r i m e n t .
8 . 4 . ' D a t a  A n a l y s i s .
r f
8 . 4 . 1 .  E s t i m a t i o n .
A n  e s t i m a t o r ' s  p e r f o r m a n c e  w a s  j u d g e d  f i r s t  i n  t h e  o p e n -  
l o o p  m o d e ,  w h e r e  t w o  p e r f o r m a n c e  i n d i c e s  w e r e  u s e d .  T h e s e  w e r e
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t h e  a v e r a g e  b i a s ,  B ^ ,  w h e r e : -
N A
l / N .  Z  (  ( X . ) ,  
i = l  K  1
( 8 . 5 )
a n d  t h e  r o o t  m e a n  s q u a r e  ( R M S )  e s t i m a t i o n  e r r o r ,  R M S ^ ,  
w h e r e : -
( 8 . 6 )
w h e r e  j  d e n o t e s  t h e  j t h  c o m p o n e n t  o f  t h e  v e c t o r  a n d  i  
d e n o t e s  t h e  i t h  r u n  o f  N  r u n s .
R M S  e r r o r  i s  a  p a r t i c u l a r l y  u s e f u l  q u a n t i t y  s i n c e  i t  
m a y  b e  c o m p a r e d  w i t h  t h e  t h e o r e t i c a l  f i l t e r  e s t i m a t i o n  e r r o r  
g i v e n  b y  t h e  s q u a r e  r o o t  o f  t h e  c o r r e s p o n d i n g  e l e m e n t  o f  
t h e  e s t i m a t i o n  e r r o r  c o v a r i a n c e  m a t r i x ,  P .
8 . 4 . 2 .  C o n t r o l .
F a c i l i t i e s  e x i s t e d  f o r  e x a m i n i n g  c o n t r o l  s y s t e m  
p e r f o r m a n c e  w i t h  o r  w i t h o u t  m e a s u r e m e n t  o r  p r o c e s s  . n o i s e .
T h e  c o n t r o l l e r s  w e r e  t e s t e d  i n  t h e  s e r v o  a n d  r e g u l a t o r y  m o d e ;  
t h e  s t a r t i n g  p o i n t  w a s  u s u a l l y  t h e  c o l d  s t e a d y  s t a t e ,  w h i c h  
c o r r e s p o n d e d  t o  t h e  t y p i c a l  s t a r t - u p  s e q u e n c e  f o r  a  r e a l  C S T R .
C o n t r o l  p e r f o r m a n c e  w a s  j u d g e d ,  w h e r e  p o s s i b l e ,  b y  
c o m p u t i n g  a n  a v e r a g e  v a l u e  f o r  t h e  p e r f o r m a n c e  i n d e x .
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E x p e r i m e n t s  u s i n g  t h e  P a r a d i s - P e r l m u t t e r  c o n t r o l l e r  
w e r e  d e s i g n e d  t o  c h a n g e  c o n t r o l l e r s  w h e n  b o t h  s t a t e s  w e r e  
w i t h i n  s p e c i f i e d  t o l e r a n c e s  o f  t h e  d e s i r e d  v a l u e s .
8 . 5 .  F i n a l  P r e s e n t a t i o n  o f  R e s u l t s .
C o m p l e t e  r e s u l t s ,  i n c l u d i n g  t h e  r e l e v a n t  p e r f o r m a n c e  
m e a s u r e s ,  a p p e a r  i n  t a b u l a r  f o r m  i n  A p p e n d i x  A  a n d  s e l e c t e d  
g r a p h i c a l  r e s u l t s ,  t o g e t h e r  w i t h  a  d i s c u s s i o n ,  a p p e a r  i n  
C h a p t e r  9 .  B e c a u s e  o f  t h e  w i d e l y  d i f f e r i n g  p a r a m e t e r  
v a l u e s  e n c o u n t e r e d ,  e a c h  p a r a m e t e r  e s t i m a t e  w a s  n o r m a l i s e d  
( b y  d i v i s i o n  b y  i t s  n o m i n a l  v a l u e )  f o r  t h e  p u r p o s e s  o f  
g r a p h i c a l  r e p r e s e n t a t i o n .
C H A P T E R  9  
E X P E R I M E N T A L  R E S U L T S
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9 . 1 .  I n t r o d u c t i o n .
T h i s  c h a p t e r  c o n t a i n s  a  d i s c u s s i o n  o f  t h e  s i m u l a t i o n  
s t u d i e s  a n d  p r a c t i c a l  e x p e r i m e n t s .  T h e  e x p e r i m e n t s  w e r e  
d i v i d e d  i n t o  s i m u l a t i o n  a n d  p r a c t i c a l  s t u d i e s ;  t h e  s i m u l a t i o n  
r e s u l t s  i n d i c a t i n g  t h e  a r e a  o f  u s e f u l  p r a c t i c a l  w o r k .  M o s t  
r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  a n d  a  k e y  t o  c o n v e n t i o n s  i s  
g i v e n  i n  T a b l e  9 . 1 .  S o  a s  t o  c l e a r l y  d i f f e r e n t i a t e  b e t w e e n  
s t a t e  a n d  p a r a m e t e r  e s t i m a t i o n ,  a l l  f i g u r e s  d e p i c t i n g  t h e  
l a t t e r  a r e  h e a d e d  ' p a r a m e t e r  i d e n t i f i c a t i o n * .
9 . 2 .  S i m u l a t e d  E s t i m a t i o n  E x p e r i m e n t s .
9 . 2 . 1 .  N o i s y  M e a s u r e m e n t  o f  S t a t e  V a r i a b l e s .
N o r m a l  n o i s e  o f  s p e c i f i e d  v a r i a n c e  w a s  a d d e d  t o  t h e  
o u t p u t  o f  t h e  ’ t r u e ' m o d e l  t o  s i m u l a t e  m e a s u r e m e n t s ;  t h e  o p e n -  
l o o p  c o n t r o l  s e q u e n c e  w a s  u s e d  a n d  t h e  s i m p l e s t  a p p l i c a b l e  
f i l t e r ,  t h e  E K F ,  w a s  a p p l i e d .
9 . 2 . 1 . 1  E x p a n s i o n  o f  P a r a m e t e r  D i m e n s i o n .
I t  w a s  d e c i d e d  t o  i n v e s t i g a t e  t h e  n u m b e r  o f  p a r a m e t e r s  
t h a t  c o u l d  b e  e s t i m a t e d  s u c c e s s f u l l y .  F o u r  p a r a m e t e r s ,  
C R T F C ,  E ,  V R  a n d  A ,  w e r e  c h o s e n  b e c a u s e  o f  t h e  r e s u l t s  o f  t h e  
s e n s i t i v i t y  a n a l y s i s ;  a l l  o t h e r  p a r a m e t e r s  w e r e  f i x e d  a t  t h e  
n o m i n a l  v a l u e s  g i v e n  i n  A p p e n d i x  B .  F o u r  e x p e r i m e n t s  w e r e  
c o n d u c t e d  w i t h  e a c h  o f  t h e  m o d e l s .  E a c h  s u c c e e d i n g
9.' EXPERIMENTAL R E S U L T S .
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e x p e r i m e n t  a d d e d  a  n e w  p a r a m e t e r ^ i n  t h e  a b o v e  o r d e r .  I t  
w a s  f o u n d  t h a t  o n l y  t h e  f i r s t  t h r e e  p a r a m e t e r s  c o u l d  b e  
e s t i m a t e d ,  t h e  f o u r t h  r u n  i n  e a c h  c a s e  p r o d u c i n g  a r i t h m e t i c  
o v e r f l o w .  T h e  r e s u l t s  a r e  s h o w n  i n  F i g u r e s  9 . 1 - 9 . 3 6  a n d  
T a b l e s  A . l  -  A . 6 .  I t  w a s  f o u n d  d i f f i c u l t  t o  s i m u l t a n e o u s l y  
e s t i m a t e  A  a n d  E  b e c a u s e  e a c h  p a r a m e t e r  h a s  a  s o m e w h a t  s i m i l a r  
e f f e c t  o n  t h e  r e a c t i o n  r a t e  c o n s t a n t  e x p r e s s i o n .  S i m i l a r  
r e s u l t s  u s i n g  a n  o f f - l i n e  m e t h o d  h a v e  b e e n  r e p o r t e d  b y  
L i t c h f i e l d  ( 8 6 ) .
C o m p a r i s o n  o f  t h e  t y p i c a l  s t a t e  e s t i m a t i o n  g r a p h s  
s h o w s  t h e  s i m i l a r i t y  o f  t h e  d y n a m i c  r e s p o n s e s  o f  t h e  2 D  a n d  
3 D  m o d e l s ;  s t e a d y  s t a t e  a g r e e m e n t  h a s  a l r e a d y  b e e n  
d e m o n s t r a t e d .  T h e r e f o r e  i t  w a s  n o t  s u r p r i s i n g  t o  f i n d  t h a t  
a v e r a g e  r e s u l t s  f o r  e a c h  m o d e l  w e r e  a l i k e .
S t a t e  e s t i m a t i o n  w a s  f a i r l y  g o o d  i n  a l l  c a s e s ,  w i t h  
c o n c e n t r a t i o n  b e i n g  t h e  m o s t  d i f f i c u l t  s t a t e  t o  e s t i m a t e .
S t a t e  v a r i a b l e  b i a s e s  i n c r e a s e d  w i t h  t h e  n u m b e r  o f  p a r a m e t e r s  
t o  b e  e s t i m a t e d .  C R T F C  b i a s  i n c r e a s e d  s i m i l a r l y  a n d  w a s  
n o t i c e a b l y  g r e a t e r  w h e n  t h r e e  p a r a m e t e r s  w e r e  t o  b e  e s t i m a t e d .  
I n  t h e  s a m e  c a s e ,  V R  d i d  n o t  c h a n g e  m a r k e d l y  f r o m  i t s  i n i t i a l  
v a l u e  a n d  f a i l e d  t o  c o n v e r g e  o n  t h e  c o r r e c t  v a l u e .
C o n v e r g e n c e  o f  o t h e r  p a r a m e t e r s  d i d  o c c u r ,  a n d  w a s  m o s t  r a p i d  
f o r  E ;  t h e  r a t e  o f  c o n v e r g e n c e  a p p e a r e d  t o  d e p e n d  o n  m o d e l  
s e n s i t i v i t y  t o  a  p a r t i c u l a r  p a r a m e t e r .
A s  t h e  p a r a m e t e r  d i m e n s i o n  i n c r e a s e d ,  t h e r e  w a s  l e s s  
a g r e e m e n t  b e t w e e n  a v e r a g e  t h e o r e t i c a l  a n d  c a l c u l a t e d  s t a t e  R M S
e s t i m a t i o n  e r r o r s  a n d  a f t e r  t h i r t y  i n t e r v a l s  t h e  f i l t e r  s t i l l  
p r o d u c e d  p e s s i m i s t i c  e r r o r  f o r e c a s t s .  I n i t i a l l y ,  t h e r e  w a s  
g o o d  a g r e e m e n t  b e t w e e n  t h e o r e t i c a l  a n d  c a l c u l a t e d  p a r a m e t e r  
R M S  e s t i m a t i o n  e r r o r s  b u t  a s  t h e  p a r a m e t e r  b u r d e n  i n c r e a s e d  
t h e  f i l t e r  b e g a n  t o  g i v e  o v e r  o p t i m i s t i c  a s s e s s m e n t s  o f  i t s  
o w n  p e r f o r m a n c e .
T h e  c o m b i n a t i o n  o f  C R T F C  a n d  V R  p a r a m e t e r s  w a s  t e s t e d  
u s i n g  t h e  3 D  m o d e l  o n l y ;  t h e  r e s u l t s  ( F i g u r e s  9 . 3 7  -  9 . 4 2  
a n d  T a b l e  A . 7 )  c o n f i r m  t h a t  V R  e s t i m a t i o n  w a s  s u c c e s s f u l  i n  
t h e  t w o  p a r a m e t e r  c a s e ,  a l t h o u g h  t h e  m o d e l s  w e r e  n o t  a s  
s e n s i t i v e  t o  V R  a s  t o  E .
T h e  3 D  m o d e l  w a s  f o u n d  t o  c o n s u m e  m o s t  t i m e  b o t h  i n  t h e  
p r e d i c t i o n  a n d  c o r r e c t i o n  p h a s e s - .  I n t e g r a t i o n  s t e p s  t w i c e  
t h e  s i z e  o f  t h o s e  u s e d  i n  t h e  3 D  c a s e  c o u l d  b e  t o l e r a t e d  i n  
t h e  2 D  c a s e .  E x a m i n a t i o n  o f  t h e  r e s u l t s  s h o w s  t h a t  c o r r e c t i o n  
t i m e s  o f  t h e  3 D  E K F  w e r e  a p p r o x i m a t e l y  t w i c e  t h o s e  o f  t h e  2 D  
E K F .
I n  g e n e r a l ,  p a r a m e t e r  e s t i m a t e s  w e r e  b i a s e d  t o  s o m e  d e g r e  
b e c a u s e  o f  t h e  a p p r o x i m a t e  n a t u r e  o f  t h e  E K F  a n d  t h e  p r o b l e m  
n o n l i n e a r i t y .  A l t h o u g h  f r e q u e n t l y  t h e  b i a s  w a s  s m a l l ,  t h i s  
m o t i v a t e d  t h e  c o n s i d e r a t i o n  o f  t h e  m o r e  c o m p l e x  a p p r o x i m a t e  
e s t i m a t o r s  w h i c h  a r e  c o n s i d e r e d  s u b s e q u e n t l y .
I n  v i e w  o f  t h e  r e s u l t s  o b t a i n e d ,  i t  w a s  d e c i d e d  t o  
c o n d u c t  m o s t  o f  t h e  r e m a i n i n g  E K F  a n d  r e l a t e d  e x p e r i m e n t s  w i t h  
o n l y  t w o  p a r a m e t e r s ,  C R T F C  a n d  E ,  t o  b e  e s t i m a t e d .  T h e  p r o c e s
w a s  s e n s i t i v e  t o  t h e s e  a n d  E  w a s  a n  i d e a l  p a r a m e t e r  t o  t e s t  
t h e  M G S O F  a n d  I E F S .  T h e r e  a r e  a l s o  r e a s o n s ,  w h i c h  a r e  
d i s c u s s e d  l a t e r ,  f o r  c h o o s i n g  t h e s e  p a r a m e t e r s  f r o m  a n  
a d a p t i v e  c o n t r o l  v i e w p o i n t .
9 . 2 . I . 2 .  T h e  E s t i m a t i o n  o f  U n m e a s u r e d  S t a t e s .
T h i s  s e r i e s  o f  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  o f  e s t i m a t i n g  a  s t a t e  i n  t h e  a b s e n c e  o f  a  
m e a s u r e m e n t .  T h i s  i s  o f  i m p o r t a n c e  i n  a t  l e a s t  t w o  c a s e s  
i n  t h e  c h e m i c a l  i n d u s t r y : -
( i )  F o r  t h e  e l i m i n a t i o n  o f  e x p e n s i v e  o r  
u n r e l i a b l e  m e a s u r i n g  e q u i p m e n t .
( i i )  F o r  t h e  c h e c k i n g  o f  i n s t r u m e n t s .
I t  w a s  d e c i d e d  t o  a t t e m p t  t o  e s t i m a t e  t h e  s t a t e s  c o m m o n  
t o  b o t h  m o d e l s ,  T  a n d  C A ;  C A  i s  p a r t i c u l a r l y  i n t e r e s t i n g  
b e c a u s e  c o n c e n t r a t i o n  s e n s o r s  a r e  o f t e n  u n r e l i a b l e  a n d  
e x p e n s i v e .  I t  w a s  a p p r e c i a t e d  a t  t h e  o u t s e t  t h a t  i t  m i g h t  b e  
d i f f i c u l t  t o  e s t i m a t e  C A  w i t h o u t  a  k n o w l e d g e  o f  E .  T h i s  d r a w ­
b a c k  w a s ,  i n  f a c t ,  c o n f i r m e d  a n d  o n l y  C R T F C  c o u l d  b e  e s t i m a t e d  
w h e n  C A  w a s  n o t  m e a s u r e d .
T w o  e x p e r i m e n t s  w e r e  c o n d u c t e d  f o r  e a c h  m o d e l .  T h e  
c o m p l e t e  r e s u l t s  a p p e a r  i n  T a b l e s  A . 8 -  A . 1 1 ,  b u t  b e c a u s e  o f  
t h e i r  s i m i l a r i t y  o n l y  t h e  r e s u l t s  f r o m  t h e  3 D  m o d e l  a r e  
p r e s e n t e d  g r a p h i c a l l y  ( F i g u r e s  9 . 4 3  -  9 . 5 4 ) .
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I n  t h e  a b s e n c e  o f  r e l e v a n t  m e a s u r e m e n t s ,  e s t i m a t e s  o f  T  
w e r e  d e g r a d e d  a n d  t h o s e  o f  C A  w e r e  e n h a n c e d ;  p a r a m e t e r  
e s t i m a t e s  w e r e  h o w e v e r  u n a f f e c t e d .
A l t h o u g h  t h e  t r e a t m e n t  o f  T  a s  u n m e a s u r a b l e  i s  s o m e w h a t  
u n r e a l i s t i c ,  e s p e c i a l l y  i n  t h i s  c a s e ,  i t  n e v e r t h e l e s s  h i g h ­
l i g h t s  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  n o n l i n e a r  p r o b l e m s .
9 .  2 . 1 . 3  A p p r o x i m a t e  N o n l i n e a r  F i l t e r s .
T h e  p e r f o r m a n c e  o f  t h e  E K F  w a s  c o m p a r e d  e x p e r i m e n t a l l y  
w i t h  t h a t  o f  t h e  M G S O F  a n d  o f  t h e  I E F S .  T h e  r e s u l t s ( u s i n g  t h e  
3 D  m o d e l )  a p p e a r  i n  F i g u r e s  9 . 5 5  -  9 . 6 6  a n d  T a b l e s  A . 1 2  a n d  A . 1 3 .
I t  w a s  f o u n d  t h a t  t h e  M G S O F  f a i l e d  t o  w o r k  u n l e s s  t h e  
e s t i m a t i o n  i n t e g r a t i o n  s t e p  w a s  r e d u c e d  f r o m  5 t o  2 . 5  s e c o n d s .
T h i s  w a s  b e c a u s e  e q u a t i o n s  ( 7 . 1 8 )  a n d  ( 7 . 2 2 )  a r e  c o u p l e d  a n d  t h e  
r e s u l t i n g  s i m u l t a n e o u s  i n t e g r a t i o n ,  g r e a t l y  r e d u c e d ,  i n  t h i s  c a s e ,  
t h e  a r e a  o f  p r a c t i c a l  a p p l i c a b i l i t y .  T h e  u s e  o f  a  s m a l l e r  
i n t e g r a t i o n  s t e p  m e a n t  t h a t  t h e  M G S O F  u t i l i s e d  a  s l i g h t l y  m o r e  
a c c u r a t e  f i l t e r  m o d e l  t h a n  t h e  E K F .  A c t u a l l y ,  t h e  M G S O F  y i e l d e d  
g r e a t l y  s u p e r i o r  p e r f o r m a n c e .  T h e r e  w a s  a  m a r k e d  i m p r o v e m e n t  
i n  b o t h  a v e r a g e  s t a t e  a n d  p a r a m e t e r  b i a s e s  a n d  R M S  e r r o r s ,  w h i c h  
w e r e  . m o r e  c o n s i s t e n t  w i t h  t h e o r e t i c a l  f i l t e r  R M S  e r r o r s .
T h e  I E F S  w o r k e d  w e l l  a n d  w a s  a l s o  m u c h  s u p e r i o r  i n  
p e r f o r m a n c e  t o  t h e  E K F .  T h e  a v e r a g e  s t a t e  a n d  p a r a m e t e r  b i a s e s  
w e r e  g e n e r a l l y  l o w e r  a n d  t h e  I E F S ,  l i k e  t h e  M G S O F ,  w a s  m o r e  
p e s s i m i s t i c  t h a n  t h e  E K F  i n  a s s e s s i n g  i t s  o w n  p e r f o r m a n c e .
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B o t h  t h e  M G S O F  a n d  I E F S  w e r e  c a p a b l e  o f  r e d u c i n g  t h e  
R M S  e r r o r  i n  E  t o  *“0 . 2 % ,  ( a b o u t  h a l f  t h a t  d u e  t o  t h e  E K F ) ;  
h o w e v e r ,  b o t h  t o o k  l o n g e r  t o  e x e c u t e .
9 . 2 . 2  E x a c t  M e a s u r e m e n t  o f  S t a t e  V a r i a b l e s .
P r o c e s s  n o i s e  i n s t e a d  o f  m e a s u r e m e n t  n o i s e  w a s  a d d e d  
t o  t h e  ’ t r u e ’ m o d e l  a n d  s i m i l a r  e x p e r i m e n t s  t o  t h o s e  p r e v i o u s l y  
p e r f o r m e d  i n  t h e  n o i s y  m e a s u r e m e n t  c a s e  w e r e  c o n d u c t e d .
9 . 2 . 2 . 1 .  E x p a n s i o n  o f  P a r a m e t e r  D i m e n s i o n .
S i x  e x p e r i m e n t s  w e r e  c o n d u c t e d  t o  d e t e r m i n e  t h e  n u m b e r  
o f  p a r a m e t e r s  t h a t  c o u l d  b e  s u c c e s s f u l l y  e s t i m a t e d .  T h i s  s e r i e s  
o f  t e s t s  w e r e  v e r y  s i m i l a r  t o  t h o s e  u s e d  t o  i n v e s t i g a t e  t h e  E K F .
I t  w a s  f o u n d  i m p o s s i b l e  t o  e s t i m a t e  C R T F C ,  E  a n d  V R  
s i m u l t a n e o u s l y  u s i n g  e i t h e r  t h e  2 D  o r  t h e  3 D  m o d e l .  R e s u l t s  f o r  
d i f f e r e n t  p a r a m e t e r s  a r e  p r e s e n t e d  i n  T a b l e s  A .  1 4  -  A . 1 7 .  O n c e  
a g a i n ,  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  2 D  a n d  3 D  m o d e l s  w e r e  v e r y  
s i m i l a r ,  a n d  t h e r e f o r e  o n l y  t h e  l a t t e r  a r e  p r e s e n t e d  g r a p h i c a l l y  
i n  F i g u r e s  9 . 6 7  -  9 . 7 4 .
P a r a m e t e r  e s t i m a t i o n  w a s  g o o d ,  a n d  b e t t e r  t h a n  t h a t  
o b t a i n e d  w i t h  t h e  E K F .  I n  t h e  t w o  p a r a m e t e r  c a s e s ,  t h e  
a d d i t i o n a l  p a r a m e t e r ,  E ,  d i d  n o t  s i g n i f i c a n t l y  d e g r a d e  t h e  
o r i g i n a l  e s t i m a t e s  o f  C R T F C .  T h e  e s t i m a t e s  w e r e  o n l y  s l i g h t l y  
b i a s e d  a n d  t h e o r e t i c a l  a n d  c a l c u l a t e d  R M S  e r r o r s  m a t c h e d  v e r y  
w e l l  f o r  C R T F C .  F o r  E ,  t h e  E M E  w a s  o v e r  o p t i m i s t i c  i n  i t s
e r r o r  f o r e c a s t .
T h e s e  t r e n d s  w e r e  n o t  e n t i r e l y  u n e x p e c t e d ,  s i n c e  o n l y  
p r o c e s s  n o i s e  w a s  p r e s e n t .
9 . 2 . 2 . 2  T h e  E s t i m a t i o n  o f  U n m e a s u r e d  S t a t e s .
T h e  e s t i m a t i o n  o f  u n m e a s u r e d  s t a t e s  m a y  b e  c a r r i e d  o u t  
w i t h  t h e  E M E  b y  t r e a t i n g  t h e  s t a t e  a s  a  p a r a m e t e r .  A  
s e r i e s  o f  e x p e r i m e n t s  s i m i l a r  t o  t h o s e  c a r r i e d  o u t  i n  t h e  n o i s y  
m e a s u r e m e n t  c a s e  w a s  e x e c u t e d ,  b u t  i t  w a s  f o u n d  t h a t  t h e  r e s u l t s  
f r o m  b o t h  m o d e l s  w e r e  d i f f e r e n t .  T h e s e  r e s u l t s  a r e  
p r e s e n t e d  i n  T a b l e s  A . 1 8  -  A . 2 1  a n d  F i g u r e s  9 . 7 5  -  9 . 9 8 .  A g a i n  
i t  w a s  f o u n d  t h a t  C A  a n d  E  c o u l d  n o t  b e  s i m u l t a n e o u s l y  e s t i m a t e d .
I n  t h e  2 D  m o d e l  c a s e s ,  C A  w a s  e s t i m a t e d  w i t h  l o w  a v e r a g e  
b i a s  a n d  t h e  a c t u a l  R M S  e r r o r  w a s  a c c u r a t e l y  p r e d i c t e d  b y  t h e  
e s t i m a t o r .  C R T F C  w a s  e s t i m a t e d  a c c u r a t e l y ,  w i t h  l o w e r  a v e r a g e  
b i a s  a n d  R M S  e r r o r  t h a n  w h e n  a  m e a s u r e m e n t  o f  C A  w a s  a v a i l a b l e .
T h e  R M S  e r r o r  i n  T  w a s  p r e d i c t e d  f a i r l y  c o n s i s t e n t l y  b y  
t h e  e s t i m a t o r ,  b u t  C R T F C  w a s  v e r y  p o o r l y  e s t i m a t e d  w h e n  T  w a s  
u n m e a s u r e d .  E  w a s  e s t i m a t e d  w i t h  s m a l l e r  b i a s  a n d  R M S  e r r o r  
t h a n  t h e  f u l l  m e a s u r e m e n t  c a s e .
T h e  3 D  r e s u l t s  s h o w e d  t h e  s a m e  t r e n d s ,  b u t  w e r e  n o t  
n u m e r i c a l l y  s i m i l a r .  T h e  m o s t  s t r i k i n g  d i f f e r e n c e  w a s  t h e  
b e t t e r  q u a l i t y  o f  C R T F C  e s t i m a t i o n  w h e n  T  w a s  u n m e a s u r e d .
C o m p a r i s o n s  b e t w e e n  t h e  T - u n m e a s u r e d  a n d  C A - u n m e a s u r e d
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c a s e s  r e v e a l e d  t h a t  C R T F C  w a s  e s t i m a t e d  b e t t e r  w h e n  a  
m e a s u r e m e n t  o f  T  w a s  a v a i l a b l e  a n d  t h a t , w i t h o u t  a  m e a s u r e m e n t ,  
T  w a s  t h e  h a r d e s t  s t a t e  t o  e s t i m a t e .
I t  w i l l  b e  n o t i c e d  t h a t  i n  b o t h  2 D  a n d  3 D  c a s e s ,  
c e r t a i n  p a r a m e t e r s  w e r e  s o m e t i m e s  i d e n t i f i e d  b e t t e r  t h a n  w h e n  
a l l  s t a t e s  w e r e  m e a s u r e d .  A s  t h e  n u m b e r  o f  m e a s u r e m e n t s  a r e  
r e d u c e d ,  l e s s  u n c e r t a i n t y  ( i n  t h e  f o r m  o f  p r o c e s s  n o i s e )  
e n t e r s  t h e  s y s t e m .  H o w e v e r ,  s o m e  p a r a m e t e r s  a r e  s o  c l o s e l y  
d e p e n d e n t  o n  a  p a r t i c u l a r  m e a s u r e m e n t  o r  s e t  o f  m e a s u r e m e n t s  
t h a t  e s t i m a t i o n  m a y  b e  d i f f i c u l t  i n  t h e i r  a b s e n c e .
9 . 2 . 5 .  E f f e c t  o f  E r r o n e o u s  N o i s e  S p e c i f i c a t i o n s .
T h e  d e r i v a t i o n s  o f  a l l  e s t i m a t o r s  a r e  b a s e d  o n  t h e  
a s s u m p t i o n  t h a t  c o r r u p t i n g  n o i s e  s e q u e n c e s  a r e  n o r m a l .  I t  
w a s  n e c e s s a r y  t o  a s s e s s  t h e  e f f e c t s  o f  s p e c i f y i n g  o t h e r  n o i s e  
s e q u e n c e s  b e c a u s e  a n y  r e a l  p r o c e s s  m a y  b e  s u b j e c t  t o  n o i s e  o f  
n o n - n o r m a l  c h a r a c t e r i s t i c s .  T h e  e f f e c t s  o f  b o t h  u n i f o r m  a n d  
a u t o c o r r e l a t e d  n o i s e  s e q u e n c e s  w a s  e x a m i n e d ;  t h e  3 D  m o d e l  
b e i n g  c h o s e n  a s  t y p i c a l  a n d  e x a m i n e d  f o r  t h e  E K F  a n d  E M E ,  e a c h  
w i t h  z e r o - m e a n  n o i s e :  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  
9 . 9 9  -  9 . 1 1 8  a n d  T a b l e s  A . 2 2  -  A . 2 5 .
I n  a l l  f o u r  c a s e s  n e i t h e r  u n i f o r m  n o r  a u t o c o r r e l a t e d  
n o i s e  h a d  s i g n i f i c a n t  e f f e c t s  o n  a v e r a g e d  r e s u l t s ,  a l t h o u g h ,  
i n d i v i d u a l  r e s u l t s  w e r e  d i f f e r e n t .  O f  t h e  t w o  s e q u e n c e s ,  
t h e  e s t i m a t o r s  a p p e a r e d  m o r e  s e n s i t i v e  t o  a u t o c o r r e l a t e d  n o i s e  
a n d  p r o d u c e d  o v e r  o p t i m i s t i c  R M S  e r r o r  f o r e c a s t s .
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T h e s e  r e s u l t s  w e r e  i n  a g r e e m e n t  w i t h  t h o s e  o f  G o l d m a n n  
a n d  S a r g e n t  ( 4 5 )  a n d  C a m p b e l l  ( 1 9 )  f o r  t h e  n o i s y  m e a s u r e m e n t  
c a s e .
9 . 2 . 4 .  C o m p u t a t i o n a l  E n h a n c e m e n t s .
T h e  3 D  m o d e l  w a s  u s e d  t o  i n v e s t i g a t e  c o m p u t a t i o n a l  
e n h a n c e m e n t s  t o  b o t h  n o i s y  a n d  e x a c t  m e a s u r e m e n t  e s t i m a t o r s .
I t  w a s  r e a l i s e d  t h a t  c o m p u t a t i o n  t i m e  w o u l d  b e  d e p e n d e n t  o n  
p r o b l e m  d i m e n s i o n s ,  b u t  i t  w a s  p r i m a r l y  i n t e n d e d  t o  i n v e s t i g a t e  
n u m e r i c a l  c h a r a c t e r i s t i c s .  T h e  E K F  w a s  i n v e s t i g a t e d  u s i n g  t h e  
i m p r o v e d  c o v a r i a n c e  c a l c u l a t i o n ,  s e q u e n t i a l  p r o c e s s i n g  a n d  a  
s q u a r e  r o o t  f o r m u l a t i o n .  T h e  E M E  w a s  i n v e s t i g a t e d  u s i n g  a
s q u a r e  r o o t  f o r m u l a t i o n .  R e s u l t s  o f  t h e  f o u r  e x p e r i m e n t s  w e r e
n u m e r i c a l l y  a l m o s t  i d e n t i c a l  t o  t h o s e  o b t a i n e d  b y  s t r a i g h t ­
f o r w a r d  m e t h o d s ;  c o n f i r m a t i o n  i s  p r o v i d e d  b y  T a b l e s  A . 2 6  -  A . 2 9
I t  i s  o f  i n t e r e s t  t o  e x a m i n e  p a r t i c u l a r  e s t i m a t i o n  t i m e s  
a s s o c i a t e d  w i t h  t h e  v a r i o u s  s c h e m e s .  I t  w a s  f o u n d  t h a t  t h e  
i m p r o v e d  c o v a r i a n c e  c a l c u l a t i o n  t o o k  - 5 0 %  a n d  s e q u e n t i a l  
p r o c e s s i n g  ~ 2 5 %  l o n g e r  t h a n  a  c o n v e n t i o n a l  E K F .  T h e  l a t t e r  
f i g u r e  s e e m s  h i g h  u n t i l  o n e  e x a m i n e s  t h e  r e s u l t s  6 f  M e n d e l  ( 9 4 )  
w h o  h a s  s h o w n  t h a t  s e q u e n t i a l  p r o c e s s i n g  m a y ,  i n  c e r t a i n  c a s e s ,  
b e  l e s s  e f f i c i e n t  t h a n  s i m u l t a n e o u s  p r o c e s s i n g .
T h e  s q u a r e  r o o t  c o r r e c t i o n  p h a s e  t o o k  s i x  t i m e s  l o n g e r  
t h a n  t h e  c o n v e n t i o n a l  E K F  b e c a u s e  o f  t h e  n e c e s s i t y  o f  e x t e n s i v e  
u s e  o f  t h e  H o u s e h o l d e r  a l g o r i t h m ;  i n  a d d i t i o n ,  t h e  p r e d i c t i o n  
p h a s e  w a s  n o  s h o r t e r .  I n  t h e  c a s e  o f  t h e  s q u a r e  r o o t  E M E ,  
t h e r e  w a s  l i t t l e  d i f f e r e n c e  b e t w e e n  t h e  c o n v e n t i o n a l  a n d  s q u a r e
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r o o t  c o m p u t a t i o n  t i m e s ,  p r o b a b l y  b e c a u s e  o f  r e d u c e d  p r o b l e m  
d i m e n s i o n s .
I t  w a s  d e c i d e d  t h a t  i t  w o u l d  n o t  b e  a d v a n t a g e o u s  t o  
i m p l e m e n t  a n y  o f  t h e s e  t e c h n i q u e s  i n  p r a c t i c e ,  w i t h  t h e  
p o s s i b l e  e x c e p t i o n  o f  s e q u e n t i a l  p r o c e s s i n g ,  w h o s e  e f f i c i e n c y  
i s  v e r y  d i m e n s i o n - d e p e n d e n t .
9 . 5 .  S i m u l a t e d  C o n t r o l  E x p e r i m e n t s .
E i g h t  e x p e r i m e n t s  w e r e  c o n d u c t e d  t o  a s s e s s  t h e  p e r f o r m a n c e  
o f  t h e  f o u r  d e t e r m i n i s t i c  s u b o p t i m a l  c o n t r o l l e r s  w h i c h  h a v e  
b e e n  p r o p o s e d .  M o d e l  p a r a m e t e r s  w e r e  a s s i g n e d  n o m i n a l  v a l u e s  
a n d  e q u a l  w e i g h t i n g  o f  s t a t e  ( T  a n d  C A )  e r r o r s  w a s  u s e d .  C o n t r o l  
w a s  n o t  p e n a l i s e d ,  a s  t h e  c o n t r o l  d i d  n o t  e x c e e d  c o n s t r a i n t s ,  
e x c e p t . o n  t h e  v e r y  f i r s t  c o n t r o l  i n t e r v a l  o f  t h e  l i n e a r i s e d  
c o n t r o l l e r  ( L C ) . T h i s  w a s  t o l e r a t e d  b e c a u s e  i t  w a s  n o t  
i n t e n d e d  t o  u s e  t h e  L C  a l o n e  f o r  p r a c t i c a l  c o n t r o l  p u r p o s e s  w h e n  
t h e  i n t i a l  s t a t e  w a s  ’ f a r '  f r o m  t h e  d e s i r e d  s t a t e .  T h e
e x p e r i m e n t  w a s  t h e r e f o r e  i n c l u d e d  f o r  i n t e r e s t  o n l y .  A c t u a l l y  
t h e  L C  r e s u l t s  w e r e  v e r y  g o o d ,  c o n s i d e r i n g  i t s  p o s s i b l e  
s u s c e p t i b i l i t y  t o  l i n e a r i s a t i o n  e r r o r s  o n  t h e  f i r s t  f e w  c o n t r o l  
i n t e r v a l s .  R e s u l t s  f o r  a l l  s c h e m e s  a p p e a r  i n  F i g u r e s  9 . 1 1 9  -  
9 . 1 2 4  a n d  T a b l e s  A . 3 0  -  A . 3 7 .
T h e  e f f i c a c y  o f  t h e  c o n t r o l  s c h e m e s  w h e n  a  p e r f e c t  m o d e l  
w a s  s p e c i f i e d  i s  c l e a r l y  i l l u s t r a t e d .  U p o n  e x a m i n a t i o n  o f  t h e  
c a l c u l a t e d  p e r f o r m a n c e  i n d i c e s  t h e  L C  a p p e a r s  m a r g i n a l l y  b e t t e r  
b u t  a s  m e n t i o n e d  e a r l i e r  i t  d i d  e x c e e d  a  c o n s t r a i n t .  T h e
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n e x t  b e s t  p e r f o r m a n c e  c a m e  f r o m  t h e  P a r a d i s - P e r l m u t t e r /  
L i n e a r i s e d  C o n t r o l l e r  ( P P + L C )  s c h e m e .  T h e  s m a l l  d y n a m i c  
d i f f e r e n c e s  b e t w e e n  2 D  a n d  3 D  m o d e l s  a c c o u n t  f o r  t h e  
s l i g h t l y  d i f f e r e n t  p e r f o r m a n c e  i n d i c e s  f o r  i d e n t i c a l  
c o n t r o l l e r s .  T h e  p e r f o r m a n c e  i n d e x  c o u l d  n o t  b e  r e d u c e d  
b e l o w  2 0 0 ,  e v e n  u s i n g  a  r i g o r o u s  o f f - l i n e  g r a d i e n t  m e t h o d  
( 1 1 5 )  a n d  t h e r e f o r e  t h e  c o n t r o l l e r s  w e r e  a l l  d e e m e d  t o  
p r o d u c e  p e r f o r m a n c e  c l o s e  t o  t h e  t r u e  o p t i m u m .  T h e  
c a l c u l a t i o n  t i m e s  o f  a l l  c o n t r o l l e r s  w e r e  a p p r o x i m a t e l y  t h e  
s a m e  f o r  a  p a r t i c u l a r  m o d e l  b u t  t h e  2 D  m o d e l  c o n t r o l  s c h e m e s
w e r e  t h e  f a s t e r ,  b e c a u s e  o f  l a r g e r  i n t e g r a t i o n  s t e p s  a n d
r e d u c e d  d i m e n s i o n s .
9 . 4 .  S i m u l a t e d  E s t i m a t i o n  a n d  C o n t r o l  E x p e r i m e n t s .
T h e  u s e f u l  e s t i m a t o r s  a n d  c o n t r o l l e r s  w e r e  c a s c a d e d
t o g e t h e r  a n d  t h e  e f f e c t s  o f  f e e d b a c k  c o n t r o l  u p o n  e s t i m a t o r
p e r f o r m a n c e  w a s  i n v e s t i g a t e d .  C o n t r o l l e r  m o d e l s  w e r e  u p ­
d a t e d  b y  m e a n s  o f  p a r a m e t e r  e s t i m a t i o n ,  t h u s  r e a l i s i n g  
a d a p t i v e  s t o c h a s t i c  c o n t r o l .
I t  h a s  a l r e a d y  b e e n  s h o w n  t h a t  t h e  p r o c e s s  i s  
s e n s i t i v e  t o  c h a n g e s  i n  C R T F C  a n d  t h a t  C R T F C  m a y  c h a n g e  
w i t h  t i m e .  T h e  p r o c e s s  i s  a l s o  v e r y  s e n s i t i v e  t o  E ,  a n d  
a  s m a l l  v a r i a t i o n  i n  E  m a y  b e  u s e d  t o  c o m p e n s a t e  f o r  
c h a n g e s  i n  C A  a w a y  f r o m  t h o s e  p r e d i c t e d  b y  a  n o m i n a l  
p a r a m e t e r  m o d e l ,  d u e  p e r h a p s  t o  u n m e a s u r e d  v a r i a t i o n s .  T h e s e  
o b s e r v a t i o n s  r e i n f o r c e  t h e  c h o i c e  o f  t h e s e  p a r a m e t e r s  a s  b e i n g  
w o r t h  e s t i m a t i n g .  I n  a d d i t i o n  t h e  h i g h l y  n o n l i n e a r  p a r a m e t e r
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9 . 4 . 1 .  N o i s y  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
F o r  t h e  g e n e r a l  c a s e  o f  n o i s y  m e a s u r e m e n t s  o f  
s t a t e  v a r i a b l e s  t h e  E K F  w a s  s p e c i f i e d  a s  e s t i m a t o r ;  
i n v e s t i g a t i o n  o f  - m o r e  c o m p l e x  a p p r o x i m a t e  e s t i m a t o r s  w a s  
d e f e r r e d  t o  p r a c t i c a l  c a s e s .  2 D  a n d  3 D  m o d e l s  w e r e  
e x a m i n e d  a n d  c o n t r o l  w a s  i m p l e m e n t e d  w i t h  t h e  G r e t h l e i n -  
L a p i d u s  C o n t r o l l e r  ( G L C )  ,  P a r a d i s - P e r l m u t t e r / L i n e a r i s e d  
C o n t r o l l e r  ( P P + L C )  o r  t h e  P a r a d i s - P e r l m u t t e r / G r e t h l e i n -  
L a p i d u s  C o n t r o l l e r  ( P P + G L C ) . R e s u l t s  a r e  p r e s e n t e d  i n  
F i g u r e s  9 . 1 2 7  -  9 . 1 6 2  a n d  T a b l e s  A . 3 8  -  A . 4 3 .
T h e  a v e r a g e  s t a t e  a n d  p a r a m e t e r ,  e s t i m a t i o n  r e s u l t s  
r e v e a l e d  t h a t  t h e r e  w a s  l i t t l e  d i f f e r e n c e  b e t w e e n  t h e  o p e n  
o r  c l o s e d - l o o p  m o d e .  I n  m o s t  c a s e s  i n v o l v i n g  s t a t e  
e s t i m a t i o n ,  t h e  E K F  w a s  p e s s i m i s t i c  a b o u t  i t s  o w n  
p e r f o r m a n c e  b u t  i t  w a s  a p p a r e n t  t h a t  R M S  e r r o r s  i n  C R T F C  
w e r e  n o t  r e d u c e d  a s  m u c h  a s  i n  o p e n - l o o p  m o d e ,  a l t h o u g h  
t h e y  w e r e  c o n s i s t e n t  w i t h  E K F  f o r e c a s t s .  T h i s  w a s  t h o u g h t  
t o  b e  d u e  t o  t h e  f a c t  t h a t  t h e  s t a t e  t r a j e c t o r y  w a s  l e s s  
d y n a m i c  i n  c l o s e d - l o o p  m o d e .
9 . 4 . 2 .  E x a c t  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
A  s i m i l a r  s e r i e s  o f  e x p e r i m e n t s  t o  t h o s e  c a r r i e d  
o u t  i n  s e c t i o n  9 . 4 , 1 .  w a s  c o n d u c t e d  f o r  t h e  E M E ;  h o w e v e r ,  
p r o c e s s  n o i s e  i n s t e a d  o f  m e a s u r e m e n t  n o i s e  w a s  a d d e d .  
R e s u l t s  a p p e a r  i n  F i g u r e s  9 . 1 6 3  -  9 . 1 8 6  a n d  T a b l e s  A . 4 4  -
E p r o v i d e s  a  s e v e r e  t e s t  o f  t h e  e s t i m a t o r s .
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P a r a m e t e r  e s t i m a t i o n  c o m p a r e d  f a v o u r a b l y  w i t h  
o p e n - l o o p  m o d e  r e s u l t s .  R M S  e r r o r s  i n  E  w e r e  a l s o  
s i m i l a r  b u t  f o r  C R T F C ,  R M S  e r r o r s  w e r e  n o t  a s  c o n s i s t e n t  
a s  E M E  f o r e c a s t s .  C R T F C  w a s  e s t i m a t e d  l e a s t  w e l l  u n d e r  . 
t h e  G L C  s c h e m e .
I n  b o t h  n o i s y  a n d  e x a c t  c a s e s ,  t h e  2 D  m o d e l  
e s t i m a t o r s  a n d  c o n t r o l l e r s  p e r f o r m e d  a t  l e a s t  a s  w e l l  a n d  
o f t e n  b e t t e r  t h a n  t h e i r  3 D  c o u n t e r p a r t s .  T h e r e  w a s  n o  
r e a s o n  t o  s u p p o s e  t h a t  f e e d b a c k  s i g n i f i c a n t l y  d e g r a d e d  
s t a t e  o r  p a r a m e t e r  e s t i m a t e s .
I t  w i l l  b e  n o t i c e d  t h a t  c o n t r o l l e r  p e r f o r m a n c e  
i n d i c e s  w e r e  s u b s t a n t i a l l y  w o r s e  t h a n  t h e  d e t e r m i n i s t i c  
c o n t r o l  c a s e .  T h i s  w a s  e x p e c t e d ,  s i n c e  i n i t i a l  
p a r a m e t e r  e s t i m a t e s  w e r e  d e l i b e r a t e l y  s p e c i f i e d  f a r  f r o m  
t h e i r  n o m i n a l  v a l u e s  i n  o r d e r  t o  s t r i n g e n t l y  t e s t  t h e  
a l g o r i t h m s .  I t  w a s  f o u n d  t h a t ,  u n t i l  e s t i m a t e  c o n v e r g e n c e  
b e g a n ,  i t  w a s  q u i t e  p o s s i b l e  t h a t  p o o r  c o n t r o l s  w o u l d  b e  
a p p l i e d .  I n  v i e w  o f  t h e  r e s u l t s ,  s e v e r a l  o b s e r v a t i o n s  
w e r e  m a d e : -
( a )  C o n t r o l l e r  a c t i o n  i s  b a s e d  o n  c u r r e n t
e s t i m a t e s  w h i c h  m u s t  b e  o f  h i g h  q u a l i t y  
i f  a c t i o n  i s  t o  b e  c o r r e c t .
A . 4 9 .
( b )  T h e  s o l u t i o n  o f  a n  e r r o n e o u s  m o d e l  f o r
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. c o r r e s p o n d i n g  t o  a  d e s i r e d  C A  
v a l u e  h a s  t h e  s a m e  e f f e c t  a s  
d i r e c t i n g  t h e  p r o c e s s  t o w a r d s  a n  
e r r o n e o u s  s t a t e .
( c )  A n  e r r o n e o u s  m o d e l  l e a d s  t o  
p r e d i c t i o n  e r r o r s  i n  c o n t r o l  
a l g o r i t h m s .
T h u s  s t a t e  a n d  p a r a m e t e r  e s t i m a t e s  m u s t  b e  u n ­
b i a s e d  f o r  e f f e c t i v e  c o n t r o l .  T h e  b i a s  i n  t h e  
c o n c e n t r a t i o n  - v a l u e r .  i n  t h e  p r e v i o u s  r e s u l t s  w a s  d u e  
t o  t h e  E K F  o r  E M E  b e i n g  u n a b l e  t o  p r o d u c e  s t a t e  a n d / o r  
p a r a m e t e r  e s t i m a t e s  o f  h i g h  e n o u g h  q u a l i t y .  E v e n  i f  
s t a t e  e s t i m a t e s  w e r e  e x c e l l e n t ,  p o o r  p a r a m e t e r  e s t i m a t e s  
w o u l d  d e g r a d e  c o n t r o l ,  s i n c e  e v e n  f e e d b a c k  c a n n o t  
c o m p e n s a t e  f o r  ( b )  o r  ( c )  .
9 . 5 .  P r a c t i c a l  E s t i m a t i o n  E x p e r i m e n t s .
I t  w a s  n e c e s s a r y  t o  a t t e m p t  t o  c o n f i r m  t h e  
s i m u l a t e d  r e s u l t s  i n  p r a c t i c e .  I n  o r d e r  t o  t e s t  t h e  
o p e n - l o o p  e s t i m a t i o n  e x p e r i m e n t s ,  d a t a  w a s  c o l l e c t e d  
f r o m  t h e  r e a l  r e a c t o r  o p e r a t i n g  u n d e r  o p e n - l o o p  c o n t r o l .  
A s  e x p e c t e d ,  m e a s u r e m e n t  n o i s e  w a s  v i r t u a l l y  a b s e n t ,  b u t  
s o m e  p r o c e s s  n o i s e  d i d  e x i s t .  T h i s  d a t a  w a s  u s e d  a s  t h e  
o u t p u t  o f  a  ' t r u e ’ m o d e l  i n  r e p e t i t i o n s  o f  c e r t a i n  
s e l e c t e d  e s t i m a t i o n  e x p e r i m e n t s .
T ,  T C I  ( a n d  p o s s i b l y  TCO)
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9 . 5 . 1 .  N o i s y  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
N o i s e  w a s  a d d e d  t o  t h e  d a t a  a n d  b o t h  t h e  2 D  
a n d  3 D  m o d e l  E K F .  w e r e  i n v e s t i g a t e d ,  e a c h  w i t h  t w o  
p a r a m e t e r s ,  C R T F C  a n d  E .  T h e  r e s u l t s  a r e  s h o w n  i n  
T a b l e s  A . 5 0  a n d  A . 5 1  b u t  b e c a u s e  o f  t h e i r  s i m i l a r i t y  
o n l y  t h e  3 D  m o d e l  r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  i n  
F i g u r e s  9 . 1 8 7  -  9 . 1 9 2 .
T h e  f i r s t  s t r i k i n g  f a c t o r  i n  t h e  r e s u l t s  w a s  
t h e  r e s e m b l a n c e  b e t w e e n  t h e  d y n a m i c  r e s p o n s e s  o f  t h e  
r e a l  p r o c e s s  a n d  o f  t h e  m o d e l s , ( w h e n  u t i l i s i n g  n o m i n a l  
p a r a m e t e r s )  t h e  m a i n  d i f f e r e n c e  b e i n g  a  b i a s  i n  C A .
S t a t e  b i a s e s  a n d  R M S  e s t i m a t i o n  e r r o r s  c o u l d  b e  
c a l c u l a t e d  a s  b e f o r e ,  b e c a u s e  o f  t h e  n o i s e  f r e e  n a t u r e  
o f  t h e  r e a l  m e a s u r e m e n t s :  a n  a n a l y s i s  o f  s t a t e  e s t i m a t i o n  
p e r f o r m a n c e  c o u l d  t h e r e f o r e  b e  m a d e .  T h e  s a m e  r e m a r k s  
d i d  n o t  a p p l y  t o  p a r a m e t e r s ,  b e c a u s e  t h e i r  t r u e  v a l u e s  
w e r e  u n k n o w n  a n d  v a r i a b l e .  P a r a m e t e r  b i a s e s  a n d  R M S  
e r r o r s  h a v e  n e v e r t h e l e s s  b e e n  c a l c u l a t e d  u s i n g  n o m i n a l  
i n s t e a d  o f  t r u e  v a l u e s ,  f o r  a l l  p r a c t i c a l  e x p e r i m e n t s .
E s t i m a t i o n  r e s u l t s  f r o m  t h e  r e a l  p r o c e s s  
r e s e m b l e d  t h e  e q u i v a l e n t  s i m u l a t e d  r e s u l t s  c l o s e l y ,  
a l t h o u g h  t h e  p a r a m e t e r s  d i d  n o t  c o n v e r g e  t o  t h e i r  n o m i n a l  
v a l u e s .  I n  g e n e r a l ,  g o o d  a g r e e m e n t  b e t w e e n  s i m u l a t i o n  
s t u d i e s  a n d  e x p e r i m e n t a t i o n  w a s  o b t a i n e d .
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I n  a l l  s u b s e q u e n t  p r a c t i c a l  e x p e r i m e n t s  o n l y  
o n e  t r i a l  w a s  p e r f o r m e d .
9 . 5 . 2 .  E x a c t  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
I t  w a s  n o t  p o s s i b l e  t o  a d d  p r o c e s s  n o i s e  t o  t h e  
r e a l  m e a s u r e m e n t s ,  s o  o n l y  o n e  r u n  w a s  c o n d u c t e d .  T h e  
2 D  a n d  3 D  m o d e l  E M E  w i t h  t w o  p a r a m e t e r s ,  C R T F C  a n d  E ,  w e r e  
i n v e s t i g a t e d ;  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e s  A . 5 2  a n d  
A . 5 3  a n d  F i g u r e s  9 . 1 9 3  -  9 . 1 9 6 .
I t  w a s  f o u n d  t h a t  t h e r e  w a s  l e s s  p r o c e s s  n o i s e  
a s s o c i a t e d  w i t h  t h e  r e a l  p r o c e s s  t h a n  h a d  b e e n  u s e d  i n  t h e  
s i m u l a t i o n  s t u d i e s .  A l t h o u g h  t h e  2 D  m o d e l  r e s u l t s  a g r e e d  
w i t h  t h o s e  o b t a i n e d  i n  s i m u l a t i o n ,  t h e  3 D  C R T F C  e s t i m a t i o n  
w a s  v e r y  d i f f e r e n t ;  s i n c e  b o t h  e x p e r i m e n t s  u s e d  a n  
i d e n t i a l  d a t a s e t  f o r  T  a n d  C A ,  t h e  d i s c r e p a n c y  c o u l d  o n l y  
b e  a s s i g n e d  t o  e f f e c t s  o f  T C O .
9 . 6 .  P r a c t i c a l  C o n t r o l  E x p e r i m e n t s .
A  s e r i e s  o f  p r a c t i c a l  c o n t r o l  e x p e r i m e n t s ,  
s i m i l a r  t o  t h e  c o r r e s p o n d i n g  s i m u l a t i o n  s t u d i e s  ( e x c e p t  
t h a t  t h e y  w e r e  p e r f o r m e d  b o t h  w i t h  a n d  w i t h o u t  t h e  
a d d i t i o n  o f  m e a s u r e m e n t  n o i s e )  w e r e  c a r r i e d  o u t .  A  
d i g i t a l l y  s i m u l a t e d  a n a l o g  c o n t r o l l e r  m a n i p u l a t i n g  c o o l a n t  
t e m p e r a t u r e  a n d  a c t i n g  u p o n  c o n c e n t r a t i o n  e r r o r s  o n l y  w a s  
a l s o  i m p l e m e n t e d  f o r  c o m p a r i s o n  p u r p o s e s :  h o w e v e r ,  t h i s  
c o n t r o l l e r  h a d  n o  m e a s u r e m e n t  n o i s e  t o  c o n t e n d  w i t h .
I t  s h o u l d  b e  n o t e d  t h a t  i t  w a s  n o t  p o s s i b l e  t o  
d e t e r m i n e  c o n t r o l l e r  p e r f o r m a n c e  i n d i c e s  i n  t h e  p r a c t i c a l  
c a s e ,  s i n c e  t h e  r e a l  p a r a m e t e r s ,  s u c h  a s  C R T F C  a n d  E ,  
w e r e  n o t  k n o w n  e x a c t l y  a n d  t h e r e f o r e  s y s t e m  s t e a d y  s t a t e s  
c o u l d  n o t  b e  p r e d i c t e d  a c c u r a t e l y .
9 . 6 . 1 .  N o i s y  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
T h e  c o n t r o l l e r s  i n v e s t i g a t e d  w e r e  t h e  G r e t h l e i n -  
L a p i d u s  C o n t r o l l e r  ( G L C ) ,  t h e  P a r a d i s - P e r l m u t t e r /  
L i n e a r i s e d  C o n t r o l l e r  ( P P + L C )  a n d  t h e  P a r a d i s - P e r l m u t t e r /  
G r e t h l e i n - L a p i d u s  C o n t r o l l e r  ( P P + G L C )  a n d  b o t h  2 D  a n d  
3 D  m o d e l s  w e r e  u s e d .  T h e  r e s u l t s  o f  t h e  s i x  e x p e r i m e n t s  
a p p e a r  i n  T a b l e s  A . 5 4  -  A . 5 9  a n d  F i g u r e s  9 . 1 9 7  -  9 . 2 0 2  
( w h e r e  m e a s u r e m e n t s  a r e  r e p r e s e n t e d  b y  s y m b o l s  ) .
W i t h o u t  a n  e s t i m a t o r ,  t h e r e  w a s  g r e a t  d i f f i c u l t y  
i n  m a k i n g  a  s m o o t h  t r a n s i t i o n  f r o m  t h e  i n i t i a l  t o  t h e  
d e s i r e d  s t a t e  a n d  m a i n t a i n i n g  t h e  p r o c e s s  t h e r e .  
T e m p e r a t u r e  ( T )  r e s p o n s e  w a s  p a r t i c u l a r l y  p o o r  a n d  
c o n c e n t r a t i o n  ( C A )  f a i l e d  t o  r e a c h  t h e  d e s i r e d  v a l u e  
b e c a u s e  t h e  m o d e l ' s  n o m i n a l  p a r a m e t e r s  d i d  n o t  m a t c h  t h o s e  
o f  t h e  r e a l  p r o c e s s .  T h e  c o n t r o l l e r s  a l s o  s w i t c h e d  t h e  
c o n t r o l  t o  e x t r e m e s  f a r  t o o  o f t e n  b e c a u s e  t h e  n o i s y  
m e a s u r e m e n t s  g a v e  a  p o o r  i n d i c a t i o n  o f  t h e  t r u e  s t a t e .
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9 . 6 . 2 .  E x a c t  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
T h e  r e s u l t s  o f  a  s i m i l a r  s e r i e s  o f  e x p e r i m e n t s  
u t i l i s i n g  e x a c t  i n s t e a d  o f  n o i s y  m e a s u r e m e n t s  m a y  b e  
s e e n  i n  T a b l e s  A . 6 0  -  A . 6 5  a n d  F i g u r e s  9 . 2 0 3  -  9 . 2 0 8 .
I n  t h i s  s e r i e s ,  s m o o t h  t r a n s i t i o n s  w e r e  m a d e  
f r o m  t h e  i n i t i a l  s t a t e  t o w a r d s  t h e  d e s i r e d  s t a t e ,  b u t  t h e  
e r r o n e o u s  m o d e l  r e s u l t e d  i n  a  b i a s ,  a l t h o u g h  g o o d  
r e g u l a t i o n  a b o u t  t h e  b i a s e d  s t a t e  w a s  o b t a i n e d .
T h e  e x p e r i m e n t s  f r o m  b o t h  n o i s y  a n d  e x a c t  
m e a s u r e m e n t  c a s e s  s h o w e d  t h e  p a r a m o u n t  i m p o r t a n c e  o f  a  
c o r r e c t  m o d e l .
9 . 6 . 3 .  D i g i t a l l y  S i m u l a t e d  A n a l o g  C o n t r o l .
I t  w a s  d e c i d e d  t o  c o m p a r e  t h e  m u l t i v a r i a b l e  
c o n t r o l  w i t h  a  d i g i t a l l y  s i m u l a t e d  P  +  I  a n a l o g  c o n t r o l l e r  
a c t i n g  o n  e x a c t  m e a s u r e m e n t s  o f  c o n c e n t r a t i o n .  B a s e d  o n  
d e t e c t e d  c o n c e n t r a t i o n  e r r o r s ,  t h e  c o n t r o l l e r  a d j u s t e d  t h e  
c o o l a n t  s e t  p o i n t  i n  c a s c a d e  m o d e .  S u i t a b l e  g a i n s  f o r  t h e  
c o n t r o l l e r  w e r e  d e t e r m i n e d  b y  t h e  c o n t i n u o u s - c y c l i n g  
m e t h o d  a b o u t  t h e  d e s i r e d  v a l u e  ( i t  w a s  d e c i d e d  t o  u s e  t h i s  
m e t h o d  i n  v i e w  o f  t h e  k n o w n  p r o c e s s  n o n l i n e a r i t y  a n d  v a l v e  
h y s t e r i s i s ,  s o  t h a t  a  s t a b l e  d e s i g n  w o u l d  r e s u l t ) .  T h e  
s a m p l i n g  i n t e r v a l  o f  1 0  H z  g a v e  e f f e c t i v e l y  c o n t i n u o u s  
c o n t r o l ;  t h e  c o n t r o l l e r  g a i n s  a p p e a r  i n  T a b l e  8 . 2 .
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T h e  c o n t r o l l e r  w a s  n o t  d i r e c t l y  c o m p a r a b l e  t o  
t h e  m u l t i v a r i a b l e  c o n t r o l l e r s  i n v e s t i g a t e d  b e c a u s e  i t  
d i d  n o t  a c t  o n  t e m p e r a t u r e  e r r o r s  a n d  w a s  n o t  s u b j e c t  
t o  n o i s y  m e a s u r e m e n t s .  H o w e v e r ,  r e s u l t s  f o r  t w o  s e p a r a t e  
d e s i r e d  c o n c e n t r a t i o n  v a l u e s  a n d  i n i t i a l  s t a t e s  a p p e a r  
i n  T a b l e s  A . 6 6  a n d  A . 6 7  a n d  F i g u r e s  9 . 2 0 9  a n d  9 . 2 1 0 .  T h e  
g r a p h i c a l  a n d  t a b u l a r  c o n v e n t i o n  i s  s o m e w h a t  d i f f e r e n t  
f r o m  n o r m a l  i n  t h a t  t h e  c u r r e n t  c o n t r o l ,  r a t h e r  t h a n  t h e  
c o n t r o l  t o  b e  a p p l i e d  o v e r  t h e  n e x t  c o n t r o l  i n t e r v a l ,  i s  
s h o w n .
R e s u l t s  w e r e  g o o d  a n d  s h o w e d  t h e  p o w e r  o f  
c o n v e n t i o n a l  f e e d b a c k  c o n t r o l l e r s .  S i n c e  o n l y  t h e  
c o n c e n t r a t i o n  w a s  c o n t r o l l e d ,  n o  b i a s  p r o b l e m s  w e r e  
e n c o u n t e r e d ;  h o w e v e r  r e s u l t s  w e r e  m u c h  m o r e  o s c i l l a t o r y  t h a n  
w i t h  m u l t i v a r i a b l e  c o n t r o l .
9 . 7 .  P r a c t i c a l  E s t i m a t i o n  a n d  C o n t r o l  E x p e r i m e n t s .
T h e s e  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  a s s e s s  t h e  
f e a s i b i l i t y  o f  a p p l y i n g  a d a p t i v e  c o n t r o l  t o  t h e  r e a l  
p r o c e s s ,  u n d e r  a  v a r i e t y  o f  c o n d i t i o n s .
9 . 7 . 1 .  N o i s y  M e a s u r e m e n t s  o f  S t a t e  V a r i a b l e s .
N o i s e  w a s  a d d e d  t o  r e a l  m e a s u r e m e n t s  a n d  t h e  E K F  
u s e d  t o  e s t i m a t e  t h e  s y s t e m  s t a t e s ,  t o g e t h e r  w i t h  t h e  
p a r a m e t e r s  C R T F C  a n d  E .  T h e  c o n t r o l l e r s  e x a m i n e d  w e r e  t h e
G L C ,  P P + L C  a n d  P P + G L C .  T y p i c a l  r e s u l t s  a r e  s h o w n  i n
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T a b l e s  A . 6 8  -  A . 7 0  a n d  F i g u r e s  9 . 2 1 1  -  9 . 2 1 6  ( f o r  t h e  
2 D  m o d e l  c a s e )  a n d  T a b l e s  A . 7 1  -  A . 7 3  a n d  F i g u r e s  9 . 2 1 7  -  
9 . 2 2 2  ( f o r  t h e  3 D  m o d e l  c a s e ) .
T h e  r e s p o n s e s  w e r e  m u c h  s m o o t h e r  t h a n  t h o s e  
o b t a i n e d  w i t h o u t  a n  e s t i m a t o r .  T h e  s i m u l a t i o n  r e s u l t s  
h a d  a l r e a d y  r e v e a l e d  t h a t  p a r a m e t e r  b i a s e s  c o u l d  c a u s e  
p r o b l e m s  a n d  t h i s  w a s  u n f o r t u n a t e l y  f o u n d  t o  b e  t r u e  i n  
p r a c t i c e .  E s t i m a t e s  o f  E  w e r e  c o n s i s t e n t  b u t  t h o s e  o f  
C R T F C  w e r e  v e r y  v a r i a b l e .
I t  w a s  c l e a r  t h a t  t h e  e s t i m a t o r  a l o n e  w a s  l a r g e l y  
t o  b l a m e  f o r  t h e  b i a s  i n  d e s i r e d  s t a t e s  a n d  t h e r e f o r e  i t  
w a s  d e c i d e d  t o  e m p l o y  a  m o r e  c o m p l e x  n o n l i n e a r  e s t i m a t o r  
i n  a n  a t t e m p t  t o  r e m e d y  t h e  s i t u a t i o n .  T h e  M o d i f i e d  
G a u s s i a n  S e c o n d  O r d e r  F i l t e r ,  ( M G S O F )  h a d  b e e n  f o u n d  
u n s u i t a b l e  b e c a u s e  o f  i t s  h i g h  c o m p u t a t i o n a l  b u r d e n  a n d  
s o  t h e  I t e r a t e d  E x t e n d e d  F i l t e r  S m o o t h e r  ( I E F S )  a l o n e  
w a s  t e s t e d .
T h e  2 D  a n d  3 D  m o d e l s ,  w i t h  I E F S  a n d  P a r a d i s -  
P e r l m u t t e r / L i n e a r i s e d  C o n t r o l l e r  ( P P + L C ) ,  w e r e  t e s t e d  
u n d e r  t h e  s a m e  c o n d i t i o n s  a s  b e f o r e  a n d  f o u n d  t o  g i v e  m u c h  
i m p r o v e d  c o n t r o l .  S t a t e s  c o n v e r g e d  o n  t h e i r  d e s i r e d  
v a l u e s  i n d i c a t i n g  t h a t  e s t i m a t e s  w e r e  u n b i a s e d .  T h e  
r e s u l t s  a r e  s h o w n  i n  T a b l e s  A . 7 4  a n d  A . 7 5  a n d  F i g u r e s  9 . 2 2 3  -  
9 . 2 2 6 .
ThelEFS was also tested with a load disturbance
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( c a u s e d  b y  s w i t c h i n g  o f f  t h e  f e e d  h e a t e r s  a f t e r  2 . 5  
m i n u t e s )  a n d  i t s  c a p a b i l i t y  o f  d r i v i n g  t h e  p r o c e s s  f r o m  
a  d i f f e r e n t  i n i t i a l  s t a t e  t o  a  d i f f e r e n t  f i n a l  s t a t e  w a s  
a l s o  e x a m i n e d .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e s  A . 7 6  -  A . 7 9  
a n d  F i g u r e s  9 . 2 2 7  -  9 . 2 3 4 .
T h e  I E F S ,  u n l i k e  t h e  E K F ,  w a s  e f f e c t i v e  i n  r e m o v i n g  
t h e  p a r a m e t e r  b i a s e s ;  s t a t e  e s t i m a t e s  w e r e  a l s o  e n h a n c e d .
T h e  c a l c u l a t i o n  t i m e  d e l a y  c a u s e d  b y  i t s  i m p l e m e n t a t i o n  w a s  
e a s i l y  c o r r e c t e d  b y  p r e d i c t i o n .
I t  w a s  c l e a r  t h a t  t h e  m o r e  c o m p l e x  e s t i m a t o r  
e m p l o y e d  w a s  o f  g r e a t  u s e f u l n e s s  i n  t h i s  p r o b l e m .  I f  i t  
h a d  n o t  t a k e n  a n  i n o r d i n a t e  a m o u n t  o f  t i m e  i n  t h i s  a p p l i c a t i o n ,  
o n e  m a y  h a v e  e x p e c t e d  a  s i m i l a r  r e s u l t  f r o m  t h e  M G S O F .
T h e  P P + L C  s h o w e d  i t s e l f  c a p a b l e  o f  b e t t e r  p e r f o r m a n c e  
w h e n  s u p p l i e d  w i t h  r e a s o n a b l e  s t a t e  e s t i m a t e s  a n d  a  b e t t e r  
m o d e l .
9 . 7 . 1 . 1 .  E f f e c t  o f  E r r o n e o u s  N o i s e  S p e c i f i c a t i o n s .
I t  w a s  d e c i d e d  t o  t e s t  t h e  s e n s i t i v i t y  o f  t h e  E K F  
a n d  I E F S  t o  n o n - n o r m a l  n o i s e  w h i l s t  i n  a  c o n t r o l  l o o p .
O n l y  t h e  E K F  h a d  b e e n  p r e v i o u s l y  t e s t e d ,  a n d  t h a t  w a s  i n  
s i m u l a t i o n .  T h e  P P + L C  w a s  u s e d  a n d  r e s u l t s  f o r  b o t h  2 D  
a n d  3 D  m o d e l s  a p p e a r  i n  T a b l e s  A . 8 0  -  A . 8 3  a n d  F i g u r e s  
9 . 2 3 5  -  9 . 2 4 2  ( f o r  t h e  E K F )  a n d  A . 8 4  -  A . 8 7  a n d  9 . 2 4 3  -
9 . 2 5 0  ( f o r  t h e  I E F S ) .
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T h e  E K F  e x p e r i m e n t s  c o n f i r m e d  t h e  s i m u l a t i o n  
r e s u l t s ,  t h e  f i l t e r  b e i n g  m o r e  s e n s i t i v e  t o  a u t o c o r r e l a t e d  
n o i s e ,  w h i c h  d e g r a d e d  e s t i m a t i o n  a n d  c o n t r o l .  I t  w a s  
c l e a r  t h a t  n o n - n o r m a l  n o i s e  s e q u e n c e s  c o u l d  h a v e  s i g n i f i c a n t  
e f f e c t s  o v e r  a  s h o r t  t i m e  i n t e r v a l .
T h e  I E F S  e x p e r i m e n t s  w e r e  s i m i l a r ,  a n d  g a v e  r e d u c e d  
p e r f o r m a n c e  w i t h  a n  a u t o c o r r e l a t e d  n o i s e  s e q u e n c e .
9 . 7 . 2 .  E x a c t  M e a s u r e m e n t s .
T h e  E M E  w a s  c o m b i n e d  w i t h  t h r e e  c o n t r o l l e r s ,  G L C ,  
P P + L C  a n d  P P + G L C ,  a s  h a d  b e e n  d o n e  i n  t h e  s i m u l a t i o n s .  
A d d i t i o n a l  r e s u l t s  w e r e  o b t a i n e d  f o r  t h e  c a s e  o f  a  l o a d  
d i s t u r b a n c e  ( c a u s e d  b y  s w i t c h i n g  o f f  t h e  f e e d  h e a t e r s  a f t e r  
2 . 5  m i n u t e s )  a n d  a l s o  f o r  t h e  t r a n s i t i o n  f r o m  a  d i f f e r e n t  
i n i t i a l  s t a t e  t o  a  d i f f e r e n t  f i n a l  s t a t e .  R e s u l t s  f r o m  
t h e  2 D  m o d e l  a r e  g i v e n  i n  T a b l e s  A . 8 8  -  A . 9 2  a n d  F i g u r e s
9 . 2 5 1  -  9 . 2 6 0  a n d  f r o m  t h e  3 D  m o d e l  i n  T a b l e s  A . 9 3  -  A . 9 7  
a n d  F i g u r e s  9 . 2 6 1  -  9 . 2 7 0 .  T h e  d i s t u r b a n c e  a n d  d i f f e r e n t  
d e s i r e d  s t a t e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  t h e  P P + L C  
o n l y  b e c a u s e  t h i s  h a d  p r o d u c e d  s u p e r i o r  p e r f o r m a n c e  i n  
s i m u l a t i o n  a n d  h a d  b e e n  f o u n d  t o  b e  a t  l e a s t  a s  g o o d  a s  t h e  
o t h e r  c o n t r o l l e r s  i n  p r a c t i c e .
U n f o r t u n a t e l y ,  r e s u l t s  w e r e  i n f e r i o r  t o  t h o s e  
o b t a i n e d  i n  s i m u l a t i o n ,  t h e  d e s i r e d  s t a t e  b e i n g  b i a s e d .
T h e  s o u r c e  o f  t r o u b l e  c o u l d  b e  t r a c e d  t o  t h e  e s t i m a t o r ,  
w h i c h  p r o d u c e d  s l i g h t l y  b i a s e d  p a r a m e t e r  e s t i m a t e s .
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R e c e n t l y ,  L e u n g  a n d  P a d m a n a b h a n  ( 8 5 )  h a v e  s u g g e s t e d  
a n  i t e r a t e d  f o r m  o f  t h e  E M E .  I f  p r a c t i c a l l y  f e a s i b l e ,  
t h i s  i s  e x p e c t e d  t o  b e  o f  u s e  i n  e x a c t  m e a s u r e m e n t  n o n l i n e a r  
p r o b l e m s .
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C H A P T E R  1 0  
C O N C L U S I O N S
2 5 2
1 0 .  C O N C L U S I O N S .
1 0 . 1 . G e n e r a l  C o m m e n t s .
I t  w i l l  b e  n o t i c e d  t h a t  t h e  e s t i m a t e s  o f  
a c t i v a t i o n  e n e r g y  ( E )  d e r i v e d  f r o m  t h e  r e a l  p r o c e s s  
w e r e  c o n s i s t e n t  w i t h ,  a n d  v e r y  c l o s e  t o ,  t h e  l i t e r a t u r e  
v a l u e ;  h o w e v e r ,  i t  h a s  a l s o  b e e n  s h o w n  t h a t  e s t i m a t e s  
a s  c l o s e  a s  0 . 5 %  o f  t h e  t r u e  v a l u e  m a y  b e  i n a d e q u a t e  
f o r  c e r t a i n  p u r p o s e s .
T h e  e s t i m a t e s  o f  t h e  h e a t  t r a n s f e r  p a r a m e t e r
( C R T F C )  w e r e  m u c h  m o r e  v a r i a b l e ;  t h i s  w a s  n o t  w h o l l y
s u r p r i s i n g  i n  v i e w  o f  t h e  a p p a r e n t  v a r i a t i o n  i n  s p e c i f i c
h e a t  f l u x  ( U A R )  o v e r  a  1 5  m i n u t e  p e r i o d .  T h e  r a n g e  o f
r e a l  C R T F C  e s t i m a t e s  c o r r e s p o n d s  t o  c h a n g e s  o f  a p p r o x i m a t e l y
+  1 0 %  i n  U A R .  I t  w i l l  a l s o  b e  n o t i c e d  t h a t ,  i n  g e n e r a l ,
r e a l  C R T F C  e s t i m a t e s  w e r e  s o m e w h a t  h i g h e r  t h a n  t h e  o f f - l i n e  
t h e
v a l u e .  S i n c e ^ o f f - l i n e  v a l u e  w a s  d e t e r m i n e d  s o m e  t i m e  i n  
a d v a n c e  o f  t h e  m a i n  p r a c t i c a l  e x p e r i m e n t s ,  a  c h a n g e  i n  
U A R  d u e  t o  f o u l i n g  d i d  s e e m  t o  b e  i n d i c a t e d .
A d a p t i v e  c o n t r o l  w a s  n o t  i m p l e m e n t e d  o u t  o f  
n e c e s s i t y  o n  t h i s  p a r t i c u l a r  p l a n t .  I t  w a s  i n t e n d e d  , 
i n s t e a d  t o  a s s e s s  i t s  f e a s i b i l i t y  a s  a  g u i d e  t o  p o s s i b l e  
i m p l e m e n t a t i o n  o n  l a r g e r  p l a n t s  w i t h  m a n y  v a r i a b l e  
p a r a m e t e r s .  I n  a n y  p r a c t i c a l  a p p l i c a t i o n ,  t h e  r e l a t i v e  
m e r i t s  o f  s i m p l e  a n d  m o r e  c o m p l e x  c o n t r o l l e r s  m u s t  b e  
c o n s i d e r e d .
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A  s i n g l e  i n p u t - s i n g l e  o u t p u t  ( S I S O  D D C  l o o p  
i s  s i m p l e  a n d  c h e a p ,  b u t  o n  a  c o m p l e x  p l a n t  t h e  
s e l e c t i o n  o f  m e a n i n g f u l  p a i r s  o f  i n p u t s  a n d  o u t p u t s  m a y  
p r o v e  d i f f i c u l t  a n d  a l s o  n o i s e  m a y  b e  a  p r o b l e m .  A  
S I S O  D D C  c o n t r o l l e r  w i l l  w o r k  w i t h  s o m e  p a r a m e t e r  
v a r i a t i o n ,  a l t h o u g h  i t s  p e r f o r m a n c e  m a y  s u b s e q u e n t l y  
d e t e r i o r a t e .
A  c o m p l e x  m u l t i v a r i a b l e  s c h e m e  r e q u i r e s  a n  
a c c u r a t e  m o d e l ,  b u t  i s  a b l e  t o  d e a l  w i t h  a n y  r e a s o n a b l e  
n u m b e r  o f  s t a t e s  a n d  c o n t r o l s .  W i t h  t h e  a i d  o f  a n  
e s t i m a t o r ,  i t  i s  a b l e  t o  f u n c t i o n  i n  a  s t o c h a s t i c  
e n v i r o n m e n t  a n d  a d a p t  t o  p a r a m e t e r  c h a n g e s ,  a l t h o u g h  i t  i s  
a p p a r e n t  t h a t  q u i t e  a  s o p h i s t i c a t e d  e s t i m a t o r  m a y  b e  r e q u i r e d  
f o r  n o n l i n e a r  s y s t e m s .
F o r  a  s i m p l e  p r o c e s s ,  s u c h  a s  t h a t  c o n s i d e r e d  h e r e ,  
i t  i s  f e l t  t h a t  s i m p l e  D D C  l o o p s  w i l l  o f t e n  b e  a d e q u a t e  
u n l e s s  t h e r e  i s  m u c h  n o i s e  o r  p a r a m e t e r  v a r i a t i o n ;  s u c h  
c o n t r o l l e r s  m a y  w e l l  b e  e c o n o m i c a l l y  o p t i m a l .  I n  f a c t ,  
t h e  t y p e  o f  r e s u l t s  t h a t  h a v e  b e e n  o b t a i n e d  a r e  i n  a g r e e m e n t  
w i t h  t h o s e  o f  B l o m s n e s ,  G r u m b a c h  a n d  L u n d e  ( 1 6 )  w h o  f o u n d  
t h a t  f o r  a  n u c l e a r  r e a c t o r  p r o c e s s ,  a  m u l t i v a r i a b l e  c o n t r o l  
s c h e m e  d i d  n o t  a p p e a r  p a r t i c u l a r l y  a t t r a c t i v e .  F o r  a  
s u b s t a n t i a l  i m p r o v e m e n t  o n  t h i s  p r o c e s s  m o r e  c o n t r o l  i n p u t s  
w o u l d  h a v e  t o  b e  u s e d  ( 8 6 )  .
F o r  m o r e  c o m p l e x  p r o c e s s e s ,  a  m u l t i v a r i a b l e  c o n t r o l  
s c h e m e  m a y  b e  a t t r a c t i v e  b u t  t h e  d i s a d v a n t a g e  i s  t h a t
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a c c u r a t e  m o d e l l i n g  s u c h  p r o c e s s e s  w o u l d  b e  d i f f i c u l t  a n d  
c r u c i a l .  I f  p a r a m e t e r  v a r i a t i o n  i s  n o t  w i d e  a n d  t h e  
p r o c e s s  i s  n o t  s u b j e c t  t o  l a r g e  u n m e a s u r e d  d i s t u r b a n c e s  
t h e n  o f f - l i n e  p a r a m e t e r  e s t i m a t i o n  i s  r e c o m m e n d e d .
M a n y  m o r e  p r a c t i c a l  a p p l i c a t i o n s  a r e  r e q u i r e d  i n  
o r d e r  t o  p r o v i d e  d e s i g n  i n f o r m a t i o n  a n d  t o  d e t e r m i n e  
w h e t h e r  s i m p l e  o r  c o m p l e x  s c h e m e s  s h o u l d  b e  u s e d  i n  
p a r t i c u l a r  c a s e s .  O n c e  a n  a c c u r a t e  m o d e l  h a s  b e e n  
o b t a i n e d ,  s i m u l a t i o n  s t u d i e s  h a v e  b e e n  s h o w n  t o  b e  u s e f u l  
p r e d i c t o r s  o f  p r a c t i c a l  r e s u l t s .
F i n a l l y ,  i t  m u s t  b e  r e m a r k e d  t h a t  t h e  t i m e  
c o n s t a n t s  o f  f u l l  s i z e  p l a n t s  a r e  m u c h  l a r g e r  t h a n  t h o s e  
o f  t h e  r e a c t o r  c o n s i d e r e d  h e r e ,  a n d  s c h e m e s  s u c h  a s  t h e  
M G S O F  m a y  w e l l  b e  s u i t a b l e  b e c a u s e  o f  t h e  i n c r e a s e d  
e x e c u t i o n  t i m e  a v a i l a b l e .
1 0 . 2 .  S u m m a r y  o f  R e s u l t s  a n d  C o n c l u s i o n s .
T h e  f o l l o w i n g  o b s e r v a t i o n s  s u m m a r i s e  t h e  m a i n  
e x p e r i m e n t a l  r e s u l t s .
( a )  A  s u m m e d  s i n e  w a v e  m e t h o d  o f
i d e n t i f i c a t i o n  h a s  b e e n  s h o w n  t o  
b e  u s e f u l l y  a p p l i c a b l e  t o  r e a l  
S I S O  p r o c e s s e s .
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( b )  T h e  r e a l  p r o c e s s  w a s  f o u n d  t o  b e  
s u b j e c t  t o  v i r t u a l l y  n o  m e a s u r e m e n t  
n o i s e  a n d  l i t t l e  p r o c e s s  n o i s e .
( c )  A n  E x t e n d e d  K a l m a n  F i l t e r  ( E K F )  w a s  
f o u n d  t o  p r o d u c e  u s e f u l  e s t i m a t e s  o f  
s t a t e s  a n d  p a r a m e t e r s  o f  t h e  n o n ­
l i n e a r  s y s t e m  i n v e s t i g a t e d  a n d  t o  b e  
c o m p u t a t i o n a l l y  f e a s i b l e .
( d )  A  S e c o n d  O r d e r  F i l t e r  w a s  f o u n d  t o  
i m p r o v e  u p o n  t h e  p e r f o r m a n c e  o f  t h e  
E x t e n d e d  K a l m a n  F i l t e r ,  b u t  t o  b e  
t o o  s l o w  f o r  o n - l i n e  u s e  o n  t h i s  
s y s t e m .
( e )  A n  I t e r a t e d  E x t e n d e d  F i l t e r  S m o o t h e r  
w a s  f o u n d  t o  b e  t h e  b e s t  e s t i m a t o r  
c o n s i d e r e d ,  g i v i n g  e s t i m a t e s  w i t h i n
0 . 2 %  o f  t h e  t r u e  v a l u e  o f  a  h i g h l y  
n o n l i n e a r  p a r a m e t e r ,  w h i l s t  b e i n g  
f a s t  e n o u g h  f o r  o n - l i n e  u s e .
( f )  A n  e s t i m a t o r  u t i l i s i n g  e x a c t  
m e a s u r e m e n t s  o f  s t a t e  v a r i a b l e s  w a s  
f o u n d  t o  b e  c a p a b l e  o f  p r o d u c i n g  
u s e f u l  e s t i m a t e s  o f  p a r a m e t e r s  o f  t h e  
n o n l i n e a r  s y s t e m ,  a l t h o u g h  i t  w a s  f e l t  
t h a t  a n  i t e r a t e d  f o r m u l a t i o n  w o u l d  b e
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m o r e  u s e f u l  i n  r e m o v i n g  b i a s .
( g )  I n  t h i s  c a s e ,  m o d i f i c a t i o n s  t o  
t h e  e s t i m a t o r  s t r u c t u r e  r e p o r t e d  
t o  y i e l d  i m p r o v e d  n u m e r i c a l  
p r e c i s i o n  o r  i n c r e a s e d  c o m p u t a t i o n a l  
s p e e d  w e r e  f o u n d  t o  b e  u n n e c e s s a r y .
( h )  T h e  s u b o p t i m a l  c o n t r o l  s c h e m e s  
c o n s i d e r e d  w e r e  s h o w n  t o  b e  u s e f u l ,  
f e a s i b l e  a n d ,  w h e n  c o u p l e d  w i t h  a n  
e s t i m a t o r ,  t o  b e  c a p a b l e  o f  c o n t r o l l i n g  
t h e  p r o c e s s  i n  a  s t o c h a s t i c  
e n v i r o n m e n t .
( i )  T h e  e s t i m a t o r s ’ a n d  c o n t r o l l e r s ’ 
p e r f o r m a n c e  w a s  f o u n d  t o  b e  d e g r a d e d  
b y  a u t o c o r r e l a t e d  m e a s u r e m e n t  o r  
p r o c e s s  n o i s e  s e q u e n c e s  p e r s i s t i n g  o v e r  
a  s h o r t  t i m e  i n t e r v a l .
( j )  I t  w a s  p o s s i b l e  t o  r e a l i s e  a d a p t i v e  
c o n t r o l  f o r  a  r e a l  n o n l i n e a r  p r o c e s s  
b y  c o u p l i n g  a n  e s t i m a t o r  a n d  c o n t r o l l e r ,  
a l t h o u g h  i t  i s  n o t  r e c o m m e n d e d  t h a t  
t h i s  b e  d o n e  u n l e s s  p a r a m e t e r  v a r i a t i o n  
i s  w i d e .
I t  m a y  b e  s e e n  t h a t  t h e  m a i n  e x p e r i m e n t a l  
o b j e c t i v e s ,  a s  o u t l i n e d  i n  C h a p t e r  2 ,  h a d  b e e n  a c h i e v e d .
I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  s o p h i s t i c a t e d  e s t i m a t o r s  
a n d  c o n t r o l l e r s  m a y  b e  i m p l e m e n t e d  w i t h  c u r r e n t  
t e c h n o l o g i c a l  c a p a b i l i t y .  H o w e v e r ,  i t  i s  c l e a r  t h a t  
s i m p l e  s c h e m e s  s t i l l  h a v e  m u c h  t o  r e c o m m e n d  t h e m .
I n c r e a s i n g  t h e  c o m p u t a t i o n a l  b u r d e n  i n  a n  a t t e m p t  t o  
i m p r o v e  c o n t r o l  m a y ,  i n  s o m e  c a s e s ,  l e a d  t o  p e r f o r m a n c e  
d e t e r i o r a t i o n .
1 0 . 3 .  R e c o m m e n d a t i o n s  f o r  F u t u r e  S t u d y .
A  d i r e c t  d i g i t a l  c o n t r o l  s y s t e m  h a s  b e e n  s h o w n  t o  
b e  c a p a b l e  o f  m o r e  t h a n  j u s t  m i m i c r y  o f  c o n v e n t i o n a l  
a n a l o g  l o o p s .  I t  i s  r e c o m m e n d e d  t h a t  f u t u r e  w o r k  b e  
d i r e c t e d  t o w a r d s  a p p l i c a t i o n s  o f  e s t i m a t i o n  a n d  c o n t r o l  
t h e o r y  t o  f u l l  s i z e  c h e m i c a l  p l a n t s .  W o r k  o n  a  s m a l l  
p r a c t i c a l  s c a l e  i s  a b l e  t o  s h o w  t r e n d s  w h i c h  m a y  p e r s i s t  
o n  l a r g e r  i n s t a l l a t i o n s ,  b u t  i t  i s  n e c e s s a r y  a t  s o m e  p o i n t  
t o  d e t e r m i n e  t h e  u s e f u l n e s s  o r  o t h e r w i s e  o f  t h e  s u g g e s t e d  
t e c h n i q u e s  o n  a  f u l l  s c a l e  p l a n t .
T o  t h i s  e n d ,  i t  i s  s u g g e s t e d  t h a t  w o r k  b e  
c o n d u c t e d  i n v o l v i n g  t h e  m o d e l l i n g  o f  c o m p l e x  p r o c e s s e s .
T h i s  w o u l d  b e  a  u s e f u l  e x e r c i s e  b e c a u s e  i t  w o u l d  i m p r o v e  
k n o w l e d g e  o f  p r o c e s s  o p e r a t i o n  e v e n  i f  t h e  r e s u l t i n g  m o d e l  
w e r e  i n a d e q u a t e  f o r  c o n t r o l  o r  e s t i m a t i o n  p u r p o s e s .
I t  w a s  f o u n d  t h a t  a  l a r g e  p a r t  o f  t h e  a v a i l a b l e  
c o m p u t a t i o n  t i m e  w a s  f i l l e d  b y  t h e  i n t e g r a t i o n  o f  t h e  
n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  T h i s  o p e r a t i o n  i s  c o m m o n
t o  m a n y  a d v a n c e d  t e c h n i q u e s  a n d  c o u l d  b e  d o n e  m o r e  
q u i c k l y  b u t  l e s s  a c c u r a t e l y  o n  a  f u l l  h y b r i d  d i g i t a l -  
a n a l o g  c o m p u t e r .  R e d u c t i o n  i n  a c c u r a c y  c o u l d  b e  
c o m p e n s a t e d  b y  a  l a r g e r  p r o c e s s  n o i s e  t e r m .
A l o n g  t h e o r e t i c a l  l i n e s ,  r e s e a r c h  i n t o  
a p p r o x i m a t e  n o n l i n e a r  e s t i m a t o r s ,  w i t h  a  v i e w  t o  
f u r t h e r  i n c r e a s i n g  t h e i r  a c c u r a c y  a n d  r e d u c i n g  t h e i r  
c o m p u t a t i o n a l  b u r d e n  m a y  p r o v e  u s e f u l ,  e s p e c i a l l y  f o r  
t h e  e x a c t  m e a s u r e m e n t  c a s e .
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s t e a d y  s t a t e  w e l l  m i x e d  a n d  p l u g  f l o w  r e a c t o r s " .  
C h e m . E n g . S c i .  2 8 ,  1 2 5 7 - 1 2 7 2 ,  ( 1 9 7 3 ) .
B i e r y ,  S . C .  a n d  B o y l a n ,  D . R . ,
" D y n a m i c  S i m u l a t i o n  o f  a  L i q u i d - L i q u i d  
E x t r a c t i o n  C o l u m n " .
I n d . E n g . C h e m . F u n d a m .  2 ,  4 4 - 5 0 ,  ( 1 9 6 3 ) .
B i n g h a m ,  E . C . ,
' F l u i d i t y  a n d  P l a s t i c i t y 1 .
M e G r a w  H i l l  ( 1 9 2 2 )  .
B j o r c k ,  A . ,
" S o l v i n g  L i n e a r  L e a s t  S q u a r e s  P r o b l e m s  b y  
G r a m - S c h m i d t  O r t h o g o n a l i s a t i o n " .
B . I . T  7 ,  1 - 2 1 ,  ( 1 9 6 7 ) .
B l o m s n e s ,  B . ,  G r u m b a c h ,  R .  a n d  L u n d e , J . E . ,  
" E x p e r i e n c e  f r o m  t h e  E x p e r i m e n t a l  
I m p l e m e n t a t i o n  o f  a  M o d e r n  C o n t r o l  A p p r o a c h  
o n  a  N u c l e a r  S y s t e m " .
I n t . C o n f .  o n  B o i l e r  D y n a m i c s  a n d  C o n t r o l  i n  
N u c l e a r  P o w e r  S t a t i o n s ,  L o n d o n ,  1 9 . 1 - 1 9 . 8 ,
( M a r c h  1 9 7 3 )  .
B r a y ,  J . W . ,  H i g h ,  R . J . , M c C a n n ,  A . D .  a n d  
J e m m e s o n ,  H . ,
" O n  L i n e  M o d e l  M a k i n g  f o r  a  C h e m i c a l  P l a n t " .
T r a n s . S o c . I n s t . T e c h .  1 7 ,  6 5 - 7 5 ,  ( S e p t .  1 9 6 5 ) .
B r o s i l o w ,  C . B .  a n d  H a n d l e y ,  K . R . ,
" O p t i m a l  C o n t r o l  o f  a  D i s t i l l a t i o n  C o l u m n " .  
A . I . C h . E . J  1 4 ,  4 6 7 - 4 7 2 ,  ( 1 9 6 8 ) .
C a m p b e l l ,  K . S . ,
P h . D .  T h e s i s ,
U n i v e r s i t y  o f  S u r r e y ,  ( 1 9 7 6 ) . .
C h a p m a n ,  F . S .  a n d  H o l l a n d ,  F . A .  ,
" H e a t  T r a n s f e r  C o r r e l a t i o n s  i n  J a c k e t e d  
V e s s e l s " .
C h e m . E n g .  ± 2  ( 2 )  ,  1 7 5 - 1 8 2  ,  ( 1 9 6 5 ) .
C o c h r a n ,  W . T . ,  C o o l e y ,  J . W . ,  F a v i n ,  D . L . ,
H e l m s ,  H . D . , K a e n e l ,  R . A . ,  L a n g ,  W . W . , M a l i n g ,  G . C .  
J r . ,  N e l s o n ,  D . E . ,  R a d e r ,  C . M .  a n d  W e l c h ,  P . D . ,  
" W h a t  i s  t h e  F a s t  F o u r i e r  T r a n s f o r m ? "
P r o c .  I . E . E . E  ± 5 ( 1 0 ) ,  1 6 6 4 - 1 6 7 4 ,  ( 1 9 6 7 ) .
2 6 1
(2 2 )
( 2 3 )
( 2 4 )
( 2 5 )
( 2 6 )
( 2 7 )
( 2 8 )
( 2 9 )
( 3 0 )
( 3 1 )
( 3 2 )
C o g g a n ,  G . C .  a n d  N o t o n ,  A . R . M .  ,
" D i s c r e t e - T i m e  S e q u e n t i a l  S t a t e  a n d  
P a r a m e t e r  E s t i m a t i o n  i n  C h e m i c a l  
E n g i n e e r i n g " .
T . I . C . E .  4 _ 8 , T 2 5 5 - T 2 6 4 ,  ( 1 9 7 0 ) .
C o g g a n ,  G . C .  a n d  W i l s o n ,  J . A . ,
" O n  L i n e  S t a t e  E s t i m a t i o n  w i t h  a  
S m a l l  C o m p u t e r " .
C o m p . J .  1 4 ( 1 ) ,  6 1 - 6 4 ,  ( 1 9 7 1 ) .
C o g g a n ,  G . C .  a n d  W i l s o n ,  J . A . ,
" A p p r o x i m a t e  M o d e l s  a n d  t h e  E l i m i n a t i o n  
o f  B i a s  i n  O n - L i n e  E s t i m a t i o n  o f  
I n d u s t r i a l  P r o c e s s e s " .
P r o c .  J o i n t  S y m p o s i u m  o n  O n  L i n e  
C o m p u t e r  M e t h o d s  R e l e v a n t  t o  C h e m i c a l  
E n g i n e e r i n g ,  N o t t i n g h a m ,  1 5 1 - 1 6 7 ,  ( S e p t .  1 9 7 1 ) .
C o h e n ,  G . H .  a n d  C o o n ,  G . A . ,
" T h e o r e t i c a l  C o n s i d e r a t i o n  o f  R e t a r d e d  C o n t r o l " .  
T . A . S . M . E  _75 , 8 2 7 - 8 3 3 ,  ( 1 9 5 3 ) .
C o o l e y ,  J . W . ,  L e w i s ,  P . A . W .  a n d  W e l c h ,  P . D . ,
" T h e  F a s t  F o u r i e r  T r a n s f o r m  a n d  i t s  
A p p l i c a t i o n s " .
I . E . E . E .  T r a n s .  E d u c .  1 2 ( 1 ) ,  2 7 - 3 4 ,  ( 1 9 6 9 ) .
C o u l s o n ,  J . M .  a n d  R i c h a r d s o n ,  J . F . . , .
' C h e m i c a l  E n g i n e e r i n g  V o l u m e  1 ' .
P e r g a m o n  P r e s s ,  ( 1 9 7 0 ) .
C r a n d a l l ,  E . D .  a n d  S t e v e n s ,  W . F .  ,
" A n  A p p l i c a t i o n  o f  A d a p t i v e  C o n t r o l  t o  a  
C o n t i n u o u s  S t i r r e d  T a n k  R e a c t o r " .
A . I . C h . E . J  1 1 . ( 5 ) ,  9 3 0 - 9 3 6 ,  ( 1 9 6 5 ) .
C u m m i n s ,  J . D . ,
" A  N o t e  o n  E r r o r s  a n d  S i g n a l  t o  N o i s e  R a t i o  
o f  B i n a r y  C r o s s - C o r r e l a t i o n  M e a s u r e m e n t s  
o f  S y s t e m  I m p u l s e  R e s p o n s e " .
U . K . A . E . A  R e p o r t  N o .  A E E  W - R  3 2 9  ( 1 9 6 4 ) .
D a v i e s ,  O . L . ,
' S t a t i s t i c a l  M e t h o d s  i n  R e s e a r c h  a n d  
P r o d u c t i o n 1 .
O l i v e r  a n d  B o y d  ( I C I )  ( 1 9 6 1 ) .
D e n h a m ,  W . F .  a n d  P i n e s ,  S . ,
" S e q u e n t i a l  E s t i m a t i o n  w h e n  M e a s u r e m e n t  
F u n c t i o n  N o n l i n e a r i t y  i s  C o m p a r a b l e  t o  
M e a s u r e m e n t  E r r o r " .
A . I . A . A . J  4 ( 6 ) ,  1 0 7 1 - 1 0 7 6 ,  ( 1 9 6 6 ) .
D o u g l a s ,  J . M . ,
.. ’ P r o c e s s  D y n a m i c s  a n d  C o n t r o l ,  V o l u m e  2 ,
C o n t r o l  S y s t e m  S y n t h e s i s ’ .
P r e n t i c e  H a l l ,  E n g l e w o o d  C l i f f s ,  N e w  J e r s e y  
( 1 9 7 2 ) .
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( 3 7 )
( 3 8 )
( 3 9 )
( 4 0 )
( 4 1 )
( 4 2 )
( 4 3 )
( 4 4 )
( 4 5 )
D o u g l a s ,  J . M .  a n d  D e n n ,  M . M . ,
" O p t i m a l  D e s i g n  a n d  C o n t r o l " .
I n d . E n g . C h e m .  5 2 ( 1 1 ) ,  1 8 - 3 1 ,  ( 1 9 6 5 ) .
E v e l e i g h ,  V . W . ,
’ A d a p t i v e  C o n t r o l  a n d  O p t i m i s a t i o n  T e c h n i q u e s ' .  
M e G r a w  H i l l  ( 1 9 6 7 ) .
E y c k h o f f ,  P . ,
’ S y s t e m  I d e n t i f i c a t i o n ’
W i l e y  ( 1 9 7 4 )  .
F i t z g e r a l d ,  R . J . ,
" D i v e r g e n c e  o f  t h e  K a l m a n  F i l t e r " .
I . E . E . E  T r a n s . A u t . C t l  A C - 1 6 ( 6 ) , 7 5 6 - 7 4 7 ,  ( 1 9 7 1 ) .
F o w l e s ,  A . J .  a n d  S m i t h ,  W . ,
" C o m p u t e r  C o n t r o l  o f  a  W a t e r  G a s  S h i f t  P l a n t " .  
B r i t . C h e m . E n g .  1 1  ( 2 )  ,.  9 9 - 1 0 4  , ( 1 9 6 6 ) .
F r e w ,  J . A .  a n d  B a n k o f f ,  S . G . ,
" P a r a m e t e r  E s t i m a t i o n  a n d  C o n t r o l  i n  N o n l i n e a r  
S y s t e m s :  I .  P a r a m e t e r s  a p p e a r i n g  l i n e a r l y "
P a p e r  F 7 ,  I . F . A . C  C o n f e r e n c e  o n  t h e  D i g i t a l  
S i m u l a t i o n  o f  C o n t i n u o u s  P r o c e s s e s ,
P r a g u e ,  ( S e p t .  1 9 7 1 ) .
G a v a l a s ,  G . R .  a n d  S e i n f e l d ,  J . H . ,
" S e q u e n t i a l  E s t i m a t i o n  o f  S t a t e s  a n d  K i n e t i c  
P a r a m e t e r s  i n  T u b u l a r  R e a c t o r s  w i t h  C a t a l y s t  
D e c a y " .
C h e m . E n g . S c i .  2 4 ,  6 2 5 - 6 3 6 ,  ( 1 9 6 9 ) .
G i b s o n ,  J . E . ,
" M a k i n g  S e n s e  O u t  o f  t h e  A d a p t i v e  P r i n c i p l e " .  
C o n t r o l  E n g .  7 ,  1 1 3 - 1 1 9 ,  ( A u g .  1 9 6 0 ) .
G i b s o n , J . E . ,
" M e c h a n i s i n g  t h e  A d a p t i v e  P r i n c i p l e " .
C o n t r o l  E n g .  1_> 1 0 9 - 1 1 4 ,  ( O c t .  1 9 6 0 ) .
G i b s o n , J . E . ,
" G e n e r a l i s i n g  t h e  A d a p t i v e  P r i n c i p l e " .
C o n t r o l  E n g .  1_ ,  9 3 - 9 6 ,  ( D e c .  I 9 6 0 ) .
G i b s o n ,  J . E . ,  R e k a s i u s ,  Z . V . ,  M c V e y ,  E . S . ,  
S r i d h a r ,  R .  a n d  L e e d h a m ,  C . D . ,
" A  S e t  o f  S t a n d a r d  S p e c i f i c a t i o n s  f o r  L i n e a r  
A u t o m a t i c  C o n t r o l  S y s t e m s " .
T r a n s .  A . I . E . E  8 0  ( P t I I ) ,  6 5 - 7 7 ,  ( 1 9 6 1 ) .
G o l d m a n n , S . F . ,
P h . D .  T h e s i s .
I m p e r i a l  C o l l e g e  ( 1 9 6 9 ) .
G o l d m a n n ,  S . F . ,  a n d  S a r g e n t ,  R . W . H . , 
" A p p l i c a t i o n  o f  L i n e a r  E s t i m a t i o n  T h e o r y  
t o  C h e m i c a l  P r o c e s s e s :  A  F e a s i b i l i t y  S t u d y " .  
C h e m .  E n g .  S c i .  2 6 ,  1 5 3 5 - 1 5 5 3 ,  ( 1 9 7 1 ) .
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( 5 4 )
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( 5 7 )
G o o d m a n ,  N . R . ,
S c i e n t i f i c  P a p e r  N o .  1 0 / 1 9 5 7  N e w  Y o r k .  
E n g i n e e r i n g  S t a t i s t i c s  L a b o r a t o r y ,  N e w  Y o r k  
U n i v e r s i t y .
G o o d m a n ,  N . R . ,  K a t z ,  S . ,  K r a m e r ,  B . H .  a n d  
K u o ,  M . T . ,
" F r e q u e n c y  R e s p o n s e  f r o m  S t a t i o n a r y  N o i s e :
T w o  C a s e  H i s t o r i e s " .
T e c h n o m e t r i c s  ± ,  2 4 5 - 2 6 8 ,  ( 1 9 6 1 ) .
G r a y ,  R . I .  a n d  P r a d o s ,  J . W . ,
" T h e  D y n a m i c s  o f  a  P a c k e d  G a s  A b s o r b e r  b y  
F r e q u e n c y  R e s p o n s e  A n a l y s i s " .
A . I . C h . E . J  9 ,  2 1 1 - 2 1 6 ,  ( 1 9 6 3 ) .
G r e t h l e i n ,  H . E .  a n d  L a p i d u s ,  L . ,
" T i m e  O p t i m a l  C o n t r o l  o f  N o n l i n e a r  S y s t e m s  
w i t h  C o n s t r a i n t s " .
A . I . C h . E . J  9 ( 2 )  ,  2 3 0 - 2 3 9  ,  ( 1 9 6 3 ) .
G u i s t i ,  A . L . ,  O t t o ,  R . E .  a n d  W i l l i a m s ,  T . J . ,  
" D i r e c t  D i g i t a l  C o m p u t e r  C o n t r o l " .
C o n t r o l  E n g .  9 ,  1 0 4 - 1 0 8 ,  ( J u n e  1 9 6 2 ) .
G u p t a ,  S . C .  a n d  R o s s ,  C . W . ,
" S i m u l a t i o n  E v a l u a t i o n  o f  a  D i g i t a l  C o n t r o l  
S y s t e m " .
I . S . A .  T r a n s .  3 ( 3 ) ,  2 7 1 - 2 7 9 ,  ( 1 9 6 4 ) .
H a m i l t o n ,  J . C . ,  S e b o r g ,  D . E .  a n d  F i s h e r ,  D . G . ,
" A n  E x p e r i m e n t a l  E v a l u a t i o n  o f  K a l m a n  F i l t e r i n g " .  
A . I . C h . E . J  1 9 ( 5 ) ,  9 0 1 - 9 0 9 ,  ( 1 9 7 3 ) .
H a r r i o t t ,  P . ,
’ P r o c e s s  C o n t r o l ' .
M c G r a w  H i l l ,  ( 1 9 6 4 )  .
H o m a n ,  C . J .  a n d  T i e r n e y ,  J . W . ,
" D e t e r m i n a t i o n  o f  D y n a m i c  C h a r a c t e r i s t i c s  o f  
P r o c e s s e s  i n  t h e  P r e s c e n c e  o f  R a n d o m  
D i s t u r b a n c e s " .
C h e m .  E n g . S c i .  ± 2 ,  1 5 3 - 1 6 5 ,  ( 1 9 6 0 ) .
H o u g e n , J . 0 . ,
" S i m p l i f i e d  C o r r e l a t i o n s  o f  P r o c e s s  D y n a m i c s " .  
C h e m . E n g . P r o g . 5_9 ,  4 9 - 5 3 ,  ( A p r .  1 9 6 3 ) .
H o u s e h o l d e r ,  A . S . ,
' T h e  T h e o r y  o f  M a t r i c e s  i n  N u m e r i c a l  A n a l y s i s ' .  
B l a i s d e l l ,  W a l t h a m ,  M a s s a c h u s e t t s ,  ( 1 9 6 4 ) .
H u t c h i n s o n ,  A . W .  a n d  S h e l t o n ,  R . J . ,
" M e a s u r e m e n t  o f  D y n a m i c  C h a r a c t e r i s t i c s  o f  
F u l l  S c a l e  P l a n t  u s i n g  R a n d o m  P e r t u r b i n g  
S i g n a l s :  A n  A p p l i c a t i o n  t o  a  R e f i n e r y  
D i s t i l l a t i o n  C o l u m n " .
T . I . C . E  4 ± ,  T 3 3 4 - T 3 4 2 ,  ( 1 9 6 7 ) .
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' T h e  I n s t r u m e n t  M a n u a l ' .
U n i t e d  T r a d e  P r e s s ,  ( 1 9 6 0 ) .
' I n t e r n a t i o n a l  C r i t i c a l  T a b l e s ' .
M c G r a w  H i l l ,  ( 1 9 2 7 ) .
J a n o s k o ,  R . E . ,
" P r e l i m i n a r y  I n v e s t i g a t i o n  i n t o  t h e  
I n i t i a l  R e s p o n s e  o f  t h e  I t e r a t e d  
E x t e n d e d  K a l m a n  F i l t e r " .
P r o c .  4 t h  S y m p o s i u m  o n  N o n l i n e a r  
E s t i m a t i o n  T h e o r y  a n d  A p p l i c a t i o n s ,
S a n  D i e g o ,  C a l i f o r n i a ,  1 3 5 - 1 3 8 ,  ( S e p t .  1 9 7 3 ) .
J a v i n s k y ,  M . A . ,
P h . D .  T h e s i s ,
U n i v e r s i t y  o f  M i c h i g a n ,  ( 1 9 6 7 ) .
J a v i n s k y ,  M . A .  a n d  K a d l e c ,  R . H . ,
" O p t i m a l  C o n t r o l  o f  a  C o n t i n u o u s  F l o w  
S t i r r e d  T a n k  R e a c t o r " .
A . I . C h . E . J  1 6 ,  9 1 6 - 9 2 4 ,  ( 1 9 7 0 ) .
J a z w i n s k i , A . H . ,
' S t o c h a s t i c  P r o c e s s e s  a n d  F i l t e r i n g  T h e o r y ' .  
A c a d e m i c  P r e s s ,  L o n d o n ,  ( 1 9 7 0 ) .
J o f f e ,  B . L .  a n d  S a r g e n t ,  R . W . H . ,
" T h e  D e s i g n  o f  a n  O n - L i n e  C o n t r o l  S c h e m e  
f o r  a  T u b u l a r  C a t a l y t i c  R e a c t o r " .
T . I . C . E .  5 0 ,  2 7 0 - 2 8 2 ,  ( 1 9 7 2 ) .
J o r d a n , T . L . ,
" E x p e r i m e n t s  i n  E r r o r  G r o w t h  A s s o c i a t e d  w i t h  
s o m e  L i n e a r  L e a s t  S q u a r e s  P r o c e d u r e s " .  
M a t h . C o m p u t .  2_2 ,  5 7 9 - 5 8 8  ,  ( 1 9 6 8 ) .
J o s e p h ,  P . D .  a n d  T o n ,  J . ,
" O n  L i n e a r  C o n t r o l  T h e o r y " .
T r a n s .  A . I . E . E  8 0 ,  1 9 3 - 1 9 6 ,  ( 1 9 6 1 ) .
' A  S h o r t  C o u r s e  o n  K a l m a n  F i l t e r  T h e o r y  a n d  
A p p l i c a t i o n ' .
T h e  A n a l y t i c  S c i e n c e s  C o r p o r a t i o n ,  
M a s s a c h u s e t t s ,  ( 1 9 7 1 ) .
K a l m a n , R . E . ,
" A  N e w  A p p r o a c h  t o  L i n e a r  F i l t e r i n g  a n d  
P r e d i c t i o n  P r o b l e m s " .
T . A . S . M . E ,  S e r i e s  D ,  J . B a s i c  E n g .
. 8 2 ,  3 4 - 4 5 ,  ( 1 9 6 0 ) .
K a l m a n ,  R . E .  a n d  B e r t r a m ,  J . E . ,
" G e n e r a l  S y n t h e s i s  P r o c e d u r e  f o r  C o m p u t e r  
C o n t r o l  o f  S i n g l e - L o o p  a n d  M u l t i l o o p  L i n e a r  
S y s t e m s  ( A n  O p t i m a l  S a m p l i n g  S y s t e m ) " -  
T r a n s .  A . I . E . E  7 7 ,  6 0 2 - 6 0 9 ,  ( 1 9 5 9 ) .
2 6 5
( 7 0 )
( 7 1 )
( 7 2 )
( 7 3 )
( 7 4 )
( 7 5 )
( 7 6 )
( 7 7 )
( 7 8 )
( 7 9 )
( 8 0 )
K a l m a n ,  R . E .  a n d  B u c y ,  R .  ,
" N e w  R e s u l t s  i n  L i n e a r  F i l t e r i n g  a n d  
P r e d i c t i o n  T h e o r y " .
T . A . S . M . E ,  S e r i e s  D ,  J . B a s i c  E n g .
8 3 ,  9 5 - 1 0 8 ,  ( 1 9 6 1 ) .
K a m i n s k i ,  P . G . ,  B r y s o n ,  A . E . J r  a n d  S c h m i d t , S . F . ,  
" D i s c r e t e  S q u a r e  R o o t  F i l t e r i n g :  A  S u r v e y  o f  
C u r r e n t  T e c h n i q u e s " .
I . E . E . E  T r a n s .  A u t . C t l .  A C - 1 6 ( 6 ) , 7 2 7 - 7 3 6 ,  ( 1 9 7 1 ) .  
K a p u s t i n ,  A . S . ,
" I n v e s t i g a t i o n s  o f  H e a t  E x c h a n g e  i n  A g i t a t e d  
V e s s e l s  w o r k i n g  w i t h  V i s c o u s  L i q u i d s " .
I n t . C h e m . E n g . 3 ,  5 1 4 - 5 1 8 ,  ( 1 9 6 3 ) .
K e g e r r e i s ,  J . E .  a n d  W e i g a n d ,  W . A . ,
" I m p r o v e d  F e e d b a c k  C o n t r o l  a n d  S y s t e m  
D e s i g n  f o r  S e c o n d - O r d e r  D e a d  T i m e  P r o c e s s e s " .
I n d . E n g . C h e m . P r o c . D e s . D e v e l o p . 1 1 ( 2 ) ,  2 4 6 -  
2 5 3 ,  ( 1 9 7 2 ) .
K e n d a l l ,  W . B . ,
" A  N e w  A l g o r i t h m  f o r  C o m p u t i n g  C o r r e l a t i o n s " .  
I . E . E . E  T r a n s .  C o m p u t e r s  8 8 - 9 0 ,  ( J a n .  1 9 7 4 ) .
K e r n ,  D . Q . ,
' P r o c e s s  H e a t  T r a n s f e r " .
M c G r a w  H i l l ,  ( 1 9 5 0 ) .
K i n g ,  R . P . ?
" O n  L i n e  D i g i t a l  C o m p u t e r  C o n t r o l  o f  
S l u r r y - C o n d i t i o n i n g  i n  M i n e r a l  F l o t a t i o n " .  
A u t o m a t i c a  1 0 ,  5 - 1 4 ,  ( 1 9 7 4 ) .
K n e i l e ,  R . G .  a n d  L u e c k e ,  R . H . ,
" C o m p a r i s o n  o f  t h e  K a l m a n  F i l t e r  w i t h  
C l a s s i c a l  D i g i t a l  F i l t e r " .
A . I . C h . E . J  2 0 ( 3 ) ,  5 9 8 - 6 0 0 ,  ( 1 9 7 4 ) .
K o k o t o v i c ,  P . V .  a n d  R u t m a n ,  R . S . ,
" S e n s i t i v i t y  o f  A u t o m a t i c  C o n t r o l  S y s t e m s  
( S u r v e y ) " .
J . A u t . R e m . C t l .  2 6 ( 4 ) ,  7 2 7 - 7 4 9 ,  ( 1 9 6 5 ) .
K o n a k , A . R . ,
" P r e d i c t i o n  o f  F o u l i n g  C u r v e s  i n  H e a t  
T r a n s f e r  E q u i p m e n t " .
T . I . C . E  5 1 ,  3 7 7 - 3 7 8 ,  ( 1 9 7 3 ) .
K u s h n e r , H . J . ,
" O n  t h e  D i f f e r e n t i a l  E q u a t i o n s  s a t i s f i e d  
b y  C o n d i t i o n a l  P r o b a b i l i t y  D e n s i t i e s  o f  
M a r k o v  P r o c e s s e s ,  w i t h  A p p l i c a t i o n s " .
S . I . A . M  J .  C t l .  2 ( 1 ) ,  1 0 6 - 1 1 9 ,  ( 1 9 6 4 ) .
2 6 6
( 8 1 )
( 8 2 )
( 8 3 )
( 8 4 )
( 8 5 )
(8 6 )
( 8 7 )
(8 8 )
( 8 9 )
( 9 0 )
( 9 1 )
L a m b ,  J . D .  a n d  R e e s ,  D . ,
" D i g i t a l  P r o c e s s i n g  o f  S y s t e m  R e s p o n s e s  
t o  P s e u d o  R a n d o m  B i n a r y  S e q u e n c e s  t o  o b t a i n  
F r e q u e n c y  R e s p o n s e  C h a r a c t e r i s t i c s  u s i n g  
t h e  F a s t  F o u r i e r  T r a n s f o r m " .
C o n f e r e n c e  o n  t h e  U s e  o f  t h e  D i g i t a l  
C o m p u t e r  i n  M e a s u r e m e n t ,  Y o r k ,  1 4 1 - 1 4 6 ,  ( 1 9 7 3 ) .
L a p i d u s , L .  a n d  L u u s , R . ,
’ O p t i m a l  C o n t r o l  o f  E n g i n e e r i n g  P r o c e s s e s ' .  
B l a i s d e l l ,  W a l t h a m ,  M a s s a c h u s e t t s ,  ( 1 9 6 7 ) .
L a r s o n ,  R . E .  a n d  W e l l s ,  C . H . ,
" C o m b i n e d  O p t i m u m  C o n t r o l  a n d  E s t i m a t i o n  o f  
S e r i a l  S y s t e m s  w i t h  T i m e  D e l a y " .
J o i n t  A u t o m a t i c  C o n t r o l  C o n f e r e n c e  o f  t h e  
A m e r i c a n  C o n t r o l  C o u n c i l ,  B o u l d e r ,  C o l o r a d o ,  
U . S . A .  2 3 - 3 3 ,  ( 1 9 6 9 ) .
L e u n g ,  V . P .  a n d  P a d m a n a b h a n ,  L . ,
" A  N e w  S e q u e n t i a l  E s t i m a t o r  f o r  N o n l i n e a r  
m o d e l s " .
I n t . J . S y s t . S c i  _ 3 ( 4 ) ,  3 9 5 - 4 0 6 ,  ( 1 9 7 2 ) .
L e u n g ,  V . P .  a n d  P a d m a n a b h a n , L . ,
" I m p r o v e d  E s t i m a t i o n  A l g o r i t h m s  u s i n g  
S m o o t h i n g  a n d  R e l i n e a r i s a t i o n " .
C h e m . E n g . J  S ,  1 9 7 - 2 0 8 ,  ( 1 9 7 3 ) .
L i t c h f i e l d ,  R . J . ,
P h . D .  T h e s i s .
U n i v e r s i t y  o f  S u r r e y ,  ( 1 9 7 5 ) .
L o p e z ,  A . M . ,  S m i t h ,  C . L .  a n d  M u r r i l l ,  P . W . ,
" A n  A d v a n c e d  T u n i n g  M e t h o d " .
B r i t . C h e m . E n g .  1 4 ,  1 5 5 3 - 1 5 5 5 ,  ( 1 9 6 9 ) .
L u p f e r ,  D . E .  a n d  P a r s o n s ,  J . R . ,
" A  P r e d i c t i v e  C o n t r o l  S y s t e m  f o r  
D i s t i l l a t i o n  C o l u m n s " .
C h e m .  E n g . P r o g .  5_8 ,  3 7 - 4 2  ,  ( 1 9 6 2 ) .
M a c L a r e n ,  M . D .  a n d  M a r s a g l i a ,  G .  ,
" U n i f o r m  R a n d o m  N u m b e r  G e n e r a t o r s " .
J . A s s o c . C o m p . M a c h .  j ^ ( l ) ,  8 3 - 8 9 ,  ( 1 9 6 5 ) .
M a r q u a r d t ,  D . W . ,
" A n  A l g o r i t h m  f o r  L e a s t - S q u a r e s  E s t i m a t i o n  
o f  N o n l i n e a r  P a r a m e t e r s " .
M a r s a g l i a ,  G . ,  M a c L a r e n ,  M . D . ,  a n d  B r a y ,  T . A . ,  
" A  F a s t  P r o c e d u r e  f o r  G e n e r a t i n g  N o r m a l  
R a n d o m  V a r i a b l e s " .
C o m m u n i c a t i o n s  o f  t h e  A . C . M  1 ( 1 ) ,  4 - 1 0 ,  ( 1 9 6 4 ) .
2 6 7
( 9 2 )
( 9 3 )
( 9 4 )
( 9 5 )
( 9 6 )
( 9 7 )
( 9 8 )
( 9 9 )
(1 0 0 )
(1 0 1 )
M a y h e w ,  Y . R .  a n d  R o g e r s ,  G . F . C . ,
' T h e r m o d y n a m i c  a n d  T r a n s p o r t  P r o p e r t i e s  
o f  F l u i d s ' .
B a s i l  B l a c k w e l l ,  O x f o r d ,  ( 1 9 7 1 ) .
M e n d e l ,  J . M . ,
" O n  t h e  n e e d  f o r  a n d  u s e  o f  a  M e a s u r e  o f  
S t a t e  E s t i m a t i o n  E r r o r s  i n  t h e  D e s i g n  o f  
Q u a d r a t i c - O p t i m a l  C o n t r o l  G a i n s " .
I . E . E . E  T r a n s . A u t . C t l .  A C - 1 6 ,  5 0 0 - 5 0 3 ,  ( 1 9 7 1 ) .
M e n d e l , J . M . ,
" C o m p u t a t i o n a l  R e q u i r e m e n t s  f o r  a  D i s c r e t e  
K a l m a n  F i l t e r " .
I . E . E . E  T r a n s . A u t .  C t l .  A C - 1 6 ( 6 ) ,  7 4 8 - 7 5 8 ,
( 1 9 7 1 ) .  -
M e n d e l ,  J . M .  a n d  G i e s e k i n g ,  D . L . ,
" B i b l i o g r a p h y  o n  t h e  L i n e a r - Q u a d r a t i c -  
G a u s s i a n  P r o b l e m " .
I . E . E . E  T r a n s . A u t . C t l .  A C - 1 6 ( 6 ) , 8 4 7 - 8 6 9 ,  ( 1 9 7 1 ) .
M o e l w y n - H u g h e s , E . A . ,
' K i n e t i c s  o f  R e a c t i o n  i n  S o l u t i o n ' .
O x f o r d ,  ( 1 9 3 3 ) .
M o l l e n k a m p ,  R . A . ,  S m i t h ,  C . L .  a n d  
C o r r i p i o ,  A . B . ,
" O n  L i n e  M o d e l  I d e n t i f i c a t i o n  a n d  C o n t r o l  
u s i n g  t h e  K a l m a n  F i l t e r " .
M o o r e ,  C . F . ,  S m i t h ,  C . L .  a n d  M u r r i l l ,  P . W . ,  
" S i m p l i f y i n g  D i g i t a l  C o n t r o l  D y n a m i c s  f o r  
C o n t r o l l e r  T u n i n g  a n d  H a r d w a r e  L a g  E f f e c t s " ,  
I n s t . P r a c t .  2 ± ( 1 )  , 4 5 - 4 9 ,  ( 1 9 6 9 ) .
M o r r i s o n ,  R . ,
' G r o u n d i n g  a n d  S h i e l d i n g  T e c h n i q u e s  i n  
I n s t r u m e n t a t i o n ' .
W i l e y ,  ( 1 9 6 7 ) .
M o s l e r ,  H . A . ,  K o p p e l ,  L . B .  a n d  C o u g h a n o w r ,  D . R . ,  
" P r o c e s s  C o n t r o l  b y  D i g i t a l  C o m p e n s a t i o n " .  
A . I . C h . E . J  1 3 ( 4 ) ,  7 6 8 - 7 7 8 ,  ( 1 9 6 7 ) .
N e w e l l ,  R . B .  a n d  F i s h e r ,  D . G . ,
" M o d e l  D e v e l o p m e n t ,  R e d u c t i o n  a n d  E x p e r i m e n t a l  
E v a l u a t i o n  f o r  a n  E v a p o r a t o r " .
I n d . E n g . C h e m . P r o c . D e s . D e v e l o p .  1 1 ( 2 ) ,  2 1 3 - 2 2 1 ,
( 1 9 7 2 ) .
(1 0 2 )
( 1 0 3 )
( 1 0 4 )
( 1 0 5 )
( 1 0 6 )
( 1 0 7 )
( 1 0 8 )
( 1 0 9 )
(1 1 0 )
( H I )
(1 1 2 )
N e w e l l ,  R . B .  a n d  F i s h e r ,  D . G . ,
" E x p e r i m e n t a l  E v a l u a t i o n  o f  O p t i m a l ,  
M u l t i v a r i a b l e  R e g u l a t o r y  C o n t r o l l e r s  w i t h  
M o d e l - F o l l o w i n g  C a p a b i l i t i e s " .
A u t o m a t i c a  ± ,  2 4 7 - 2 6 2 ,  ( 1 9 7 2 ) .
N e w e l l ,  R . B . ,  F i s h e r ,  D . G .  a n d  S e b o r g ,  D . E . ,  
" C o m p u t e r  C o n t r o l  u s i n g  O p t i m a l  M u l t i v a r i a b l  
F e e d f o r w a r d - F e e d b a c k  A l g o r i t h m s " .
A . I . C h . E . J  1 8 ( 5 ) ,  9 7 6 - 9 8 4 ,  ( 1 9 7 2 ) .
N i e m a n ,  R . E . ,  F i s h e r ,  D . G .  a n d  S e b o r g ,  D . E . ,  
" A  R e v i e w  o f  P r o c e s s  I d e n t i f i c a t i o n  a n d  
P a r a m e t e r  E s t i m a t i o n  T e c h n i q u e s " .
I n t . J . C t l .  1 3 ( 2 ) ,  2 0 9 - 2 6 4 ,  ( 1 9 7 1 ) .
N o t o n ,  A . R . M .  a n d  C h o q u e t t e ,  P . ,
" T h e  A p p l i c a t i o n  o f  M o d e r n  C o n t r o l  T h e o r y  
t o  t h e  O p e r a t i o n  o f  a n  I n d u s t r i a l  P r o c e s s " .  
P r o c .  I . F . A . C / I . F . I . P  S y m p o s i u m ,  T o r o n t o ,  
O n t a r i o ,  C a n a d a ,  2 - 2 0 .  ( 1 9 6 8 ) .
' N o r t o n ,  J . P .  a n d  S m i t h ,  W . ,
" D i g i t a l  S i m u l a t i o n  o f  t h e  D y n a m i c s  o f  a  
F i x e d  B e d  C a t a l y t i c  R e a c t o r " .
M e a s .  a n d  C t l .  ± , T 5 7 - T 6 2 ,  ( 1 9 7 2 ) .
P a d m a n a b h a n ,  L . ,
" A  N e w  A p p r o a c h  t o  R e c u r s i v e  E s t i m a t i o n  i n  
C o n t i n u o u s  D y n a m i c a l  S y s t e m s " .
C h e m . E n g . J  1 ,  2 3 2 - 2 4 0 ,  ( 1 9 7 0 ) .
P a n ,  K . , C h a n g ,  C .  a n d  H o n g ,  H . ,
" K i n e t i c  S t u d i e s  o f  t h e  A l k a l i n e  
H y d r o l y s i s  o f  A l k y l  A c e t a t e s  b y  
C o n d u c t o m e t r i c  M e a s u r e m e n t s " .
J . C h i n . C h e m . S o c .  ± ( 2 ) ,  8 9 - 9 9 .  ( 1 9 6 2 ) .
P a r a d i s ,  W . O . ,  a n d  P e r l m u t t e r ,  D . D . ,  
" O p t i m a l i t y  a n d  C o m p u t a t i o n a l  F e a s i b i l i t y  
i n  T r a n s i e n t  C o n t r o l :  P a r t  1 .  A  M o d i f i e d  
C r i t e r i o n  f o r  O p t i m a l i t y " .
A . I . C h . E . J  ± 2 ( 5 ) ,  8 7 6 - 8 8 2 ,  ( 1 9 6 6 ) .
P e a r s o n , J . D . ,
" A p p r o x i m a t i o n  M e t h o d s  i n  O p t i m a l  C o n t r o l .
I .  S u b - o p t i m a l  C o n t r o l " .
J . E l e c t r o n ,  a n d  C t l .  ± 3 ,  4 5 3 - 4 6 9 ,  ( 1 9 6 2 ) .  
P e r r y ,  J . H . ,
' C h e m i c a l  E n g i n e e r s  H a n d b o o k ' .
M c G r a w  H i l l ,  ( 1 9 5 0 ) .
R a m i r e z ,  W . F .  a n d  T u r n e r ,  B . A . ,
" T h e  D y n a m i c  M o d e l l i n g ,  S t a b i l i t y  a n d  
C o n t r o l  o f  a  C o n t i n u o u s  S t i r r e d  T a n k  R e a c t o r '  
A . I . C h . E . J  ± 5 ( 6 ) ,  8 5 3 - 8 6 0 ,  ( 1 9 6 9 ) .
2 6 9
( 1 1 3 )
( 1 1 4 )
( 1 1 5 )
( 1 1 6 )
( 1 1 7 )
( 1 1 8 )
( 1 1 9 )
(1 2 0 ) 
(1 2 1 )
R a o , N . J . ,  R a m k r i s h n a ,  D .  a n d  
B o r w a n k e r ,  J . D . ,
" N o n l i n e a r  S t o c h a s t i c  S i m u l a t i o n  o f  
S t i r r e d  T a n k  R e a c t o r s " .
C h e m . E n g . S c i .  2 9 ,  1 1 9 3 - 1 2 0 4 ,  ( 1 9 7 4 ) .
R i c e , J . R . ,
" E x p e r i m e n t s  o n  G r a m  S c h m i d t  
O r t h o g o n a l i z a t i o n " .
M a t h . C o m p u t .  2)0 , 3 2 5 - 3 2 8  , ( 1 9 6 6 ) .
S a g e  ,  A . P . ,
’ O p t i m u m  S y s t e m s  C o n t r o l ' .
P r e n t i c e  H a l l ,  E n g l e w o o d  C l i f f s ,
N e w  J e r s e y ,  U . S . A .  ( 1 9 6 8 ) .
S a m a n t ,  V . S .  a n d  S o r e n s o n ,  H . W . ,
" O n  R e d u c i n g  t h e  C o m p u t a t i o n a l  B u r d e n  
i n  t h e  K a l m a n  F i l t e r " .
P r o c . 3 r d  S y m p o s i u m  o n  N o n l i n e a r  
E s t i m a t i o n  T h e o r y ,  S a n  D i e g o ,
C a l i f o r n i a ,  1 9 2 - 2 0 1 ,  ( S e p t .  1 9 7 2 ) .
S a r i d i s , G . N . ,
" C o m p a r i s o n  o f  F i v e  P o p u l a r  I d e n t i f i c a t i o n  
A l g o r i t h m s :  A  S u r v e y " .
P r o c . I . E . E . E  C o n f e r e n c e  o n  D e c i s i o n  a n d  
C o n t r o l ,  1 1 t h  S y m p o s i u m  o n  A d a p t i v e  
P r o c e s s e s ,  N e w  O r l e a n s ,  4 0 - 4 5 ,  ( 1 3 / 1 5  D e c .  
1 9 7 2 ) .
S a s t r y ,  V . A .  a n d  V e t t e r ,  W . J . ,
" A  P a p e r m a k i n g  W e t - E n d  D y n a m i c s  M o d e l  a n d  
P a r a m e t e r  I d e n t i f i c a t i o n  b y  I t e r a t i v e  
F i l t e r i n g " .
P r o c .  o f  t h e  N a t i o n a l  C o n f e r e n c e  o n  
A u t o m a t i c  C o n t r o l ,  E d m o n t o n ,  C a n a d a ,
2 1 9 - 2 2 5 ,  ( 1 9 6 9 ) .
S a s t r y ,  V . A . ,  V e t t e r ,  W . J .  a n d  C a s t o n  R' .  ,
" T h e  A p p l i c a t i o n  o f  I d e n t i f i c a t i o n  M e t h o d s  
t o  a n  I n d u s t r i a l  P r o c e s s " .
1 0 t h  J o i n t  A u t o m a t i c  C o n t r o l  C o n f e r e n c e  o f  
t h e  A m e r i c a n  C o n t r o l  C o u n c i l ,  B o u l d e r ,  
C o l o r a d o ,  U . S . A .  9 8 7 - 7 9 4 ,  ( 1 9 6 9 ) .
S a t e r , V . E . ,
P h . D .  T h e s i s .
I l l i n o i s  I n s t i t u t e  o f  T e c h n o l o g y ,  ( 1 9 6 3 ) .  
S c h m i d t ,  S . F . ,
" C o m p u t a t i o n a l  T e c h n i q u e s  i n  K a l m a n  F i l t e r i n g "  
T h e o r y  a n d  A p p l i c a t i o n s  o f  K a l m a n  F i l t e r i n g ,  
N . A . T . O .  A d v i s o r y  G r o u p  f o r  A e r o s p a c e  R e s e a r c h  
a n d  D e v e l o p m e n t ,  A G A R D o g r a p h  1 3 9 ,  6 7 - 8 6 ,
( F e b .  1 9 7 0 ) .
2 7 0
( 1 2 2 )  S c h w a r t z ,  L .  a n d  S t e a r ,  E . B . ,
f , A  C o m p u t a t i o n a l  C o m p a r i s o n  o f  
S e v e r a l  N o n l i n e a r  F i l t e r s ” .
I . E . E . E  T r a n s . A u t . C t l . A C - 1 3 ,
8 3 - 8 6 ,  ( 1 9 6 8 ) .
( 1 2 3 )  S e i n f e l d ,  J . H . ,
" N o n l i n e a r  E s t i m a t i o n  T h e o r y " .
I n d . E n g . C h e m .  6 2 ( 1 ) ,  3 2 - 4 2 ,  ( 1 9 7 0 ) .
( 1 2 4 )  S e i n f e l d ,  J . H . ,
" O p t i m a l  S t o c h a s t i c  C o n t r o l  o f  N o n -  
L i n e a r  S y s t e m s " .
A . I . C h . E . J  1 6 ( 6 ) ,  1 0 1 6 - 1 0 2 2 ,  ( 1 9 7 0 ) .
( 1 2 5 )  S e i n f e l d ,  J . H . ,  G a v a l a s ,  G . R .  a n d
H w a n g ,  M . ,
" C o n t r o l  o f  N o n l i n e a r  S t o c h a s t i c  
S y s t e m s " .
I n d . E n g . C h e m . F u n d a m .  8 ( 2 ) ,  2 5 7 - 2 6 2 ,  
( 1 9 6 9 ) .
( 1 2 6 )  S h a h  ,  Y . T . ,
" C o m p u t e r  S i m u l a t i o n s  o f  T r a n s p o r t  
P r o c e s s e s " .
. I n d . E n g . C h e m . P r o d . R e s . D e v e l o p .  1 1 ( 3 ) ,  
2 6 9 - 2 8 5 ,  ( 1 9 7 2 ) .
( 1 2 7 )  . S h e r i d a n ,  T . B . ,
" E x p e r i m e n t a l  A n a l y s i s  o f  T i m e -  
V a r i a t i o n  o f  t h e  H u m a n  O p e r a t o r ' s  
T r a n s f e r  F u n c t i o n " .
1 s t  I . F . A . C  C o n g r e s s ,  M o s c o w ,  6 2 9 - 6 3 5 ,  
( 1 9 6 0 ) .
( 1 2 8 )  S h i n o h a r a ,  Y .  a n d  O g u m a ,  R . ,
" E s t i m a t i o n  o f  T i m e - V a r y i n g  R e a c t i v i t y  
u s i n g  a  M e t h o d  o f  N o n l i n e a r  F i l t e r i n g " .  
N u c l . S c i .  a n d  E n g .  5 2 ,  7 6 - 8 3 ,  ( 1 9 7 3 ) .
( 1 2 9 )  S i e d e r ,  E . N .  a n d  T a t e ,  G . E . ,
" H e a t  T r a n s f e r  a n d  P r e s s u r e  D r o p  o f  
L i q u i d s  i n  T u b e s " .
I n d . E n g . C h e m .  2 8 ,  1 4 2 9 - 1 4 3 5 ,  ( 1 9 3 6 ) .
( 1 3 0 )  S i n g e r ,  R . A .  a n d  S e a ,  R . G . ,
" I n c r e a s i n g  t h e  C o m p u t a t i o n a l  E f f i c i e n c y  
o f  D i s c r e t e  K a l m a n  F i l t e r s " .
I . E . E . E  T r a n s .  A u t .  C t l .  A C - 1 6 ,
2 5 4 - 2 5 7 ,  ( 1 9 7 1 ) .
( 1 3 1 )  S o r e n s o n ,  H . W . ,
" K a l m a n  F i l t e r i n g  T e c h n i q u e s " .
A d v a n c e s  i n  C o n t r o l  S y s t e m s  ( C . T  
L e o n d e s  E d . ) .
3 ,  2 5 6 - 2 6 0 ,  ( 1 9 6 6 ) .
2 7 1
( 1 3 2 )
( 1 3 3 )
( 1 3 4 )
( 1 3 5 )
( 1 3 6 )
( 1 3 7 )
( 1 3 8 )
( 1 3 9 )
( 1 4 0 )
S t r e k ,  F . ,
" H e a t  T r a n s f e r  i n  L i q u i d  M i x e r s  -  
S t u d y  o f  a  T u r b i n e  A g i t a t o r  w i t h  s i x  
f l a t  b l a d e s " .
I n t . C h e m . E n g . 3  * 5 3 3 - 5 5 6 ,  ( 1 9 6 3 ) .
S t u b b e r u d ,  A . R .  a n d  W i s m e r ,  D . A . ,
" S u b o p t i m a l  K a l m a n  F i l t e r  T e c h n i q u e s " .
T h e o r y  a n d  A p p l i c a t i o n s  o f  K a l m a n  
F i l t e r i n g .
N . A . T . O .  A d v i s o r y  G r o u p  f o r  A e r o s p a c e  
R e s e a r c h  a n d  D e v e l o p m e n t ,  A G A R D o g r a p h  
1 3 9 ,  1 0 7 - 1 1 7 ,  ( F e b .  1 9 7 0 ) .
V a k i l ,  H . B . , M i c h e l s e n ,  M . L .  a n d  F o s s , A . S . ,  
" F i x e d  B e d  R e a c t o r  C o n t r o l  w i t h  S t a t e  
E s t i m a t i o n " .
I n d . E n g . C h e m . F u n d a m .  1 2 ( 3 ) ,  3 2 8 - 3 3 5 ,  ( 1 9 7 3 ) .  
W a l k e r ,  J . ,
" A  M e t h o d  f o r  D e t e r m i n i n g  V e l o c i t i e s  o f  
S a p o n i f i c a t i o n " .
P r o c . R o y . S o c .  ( L o n d o n )  A - 7 8 ,  1 5 7 - 1 6 0  ( 1 9 0 6 ) .  
W e l l s  ,  C . H . ,
" A n  A p p r o x i m a t i o n  o f  t h e  K a l m a n  F i l t e r  
E q u a t i o n s " .
I . E . E . E  T r a n s . A u t . C t l .  A C - 1 5 ,  4 4 5 ,  ( 1 9 6 8 ) .  
W e l l s ,  C . H . ,
" O p t i m u m  E s t i m a t i o n  o f  C a r b o n  a n d  
T e m p e r a t u r e  i n  a  S i m u l a t e d  B O F " .
1 1 t h  J o i n t  A u t o m a t i c  C o n t r o l  C o n f e r e n c e  
o f  t h e  A m e r i c a n  C o n t r o l  C o u n c i l ,  A t l a n t a ,  
G e o r g i a ,  U . S . A .  7 - 1 8 ,  ( 1 9 7 0 ) .
W e l l s ,  C . H . ,
" A p p l i c a t i o n  o f  M o d e r n  E s t i m a t i o n  a n d  
I d e n t i f i c a t i o n  T e c h n i q u e s  t o  C h e m i c a l  
P r o c e s s e s " .
A . I . C h . E J  1 7 ( 4 ) ,  9 6 6 - 9 7 3 ,  ( 1 9 7 1 ) .
W e l l s ,  C . H .  a n d  L a r s o n ,  R . E . ,
" A p p l i c a t i o n  o f  C o m b i n e d  O p t i m u m  C o n t r o l  
a n d  E s t i m a t i o n  T h e o r y  t o  D i r e c t  D i g i t a l  
C o n t r o l " .
P r o c .  I . E . E . E  5 8 ( 1 ) ,  1 6 - 2 2 ,  ( 1 9 7 0 ) .
W i l l i a m s , T . J . ,
" C o m p u t e r s  a n d  P r o c e s s  C o n t r o l " .
I n d . E n g . C h e m .  WZ ( 2 )  , 2 8 - 4 0 ,  ( 1 9 7 0 ) .
2 7 2
( 1 4 1 )
( 1 4 2 )
( 1 4 3 )
W i s h n e r ,  R . P . ,  T a b a c z y n s k i ,  J . A .  a n d  
A t h a n s , M . ,
" A  C o m p a r i s o n  o f  T h r e e  N o n - L i n e a r  F i l t e r s " .  
A u t o m a t i c a  J3 ,  4 8 7 - 4 9 6 ,  ( 1 9 6 9 ) .
Y e t t e r ,  E . W .  a n d  S a n d e r s ,  C . W . ,
" A  T i m e - S h a r e d  D i g i t a l  P r o c e s s - C o n t r o l  
S y s t e m " .
I . S . A . J  5 3 - 6 4 ,  ( N o v .  1 9 6 2 ) .
Z i e g l e r ,  J . G .  a n d  N i c h o l s ,  N . B . ,
" O p t i m u m  S e t t i n g s  f o r  A u t o m a t i c  
C o n t r o l l e r s " .
T . A . S . M . E  6 4 ,  7 5 9 - 7 6 8 ,  ( 1 9 4 2 ) .
A P P E N D I X  A  
E X P E R I M E N T A L  R E S U L T S
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A P P E N D I X  A
T h e  f o l l o w i n g  c o n v e n t i o n s  a r e  u s e d  i n  t h e  T a b l e s .
( a )  O p e r a t i o n a l  c o d e s ,  d e n o t i n g  t h e  t y p e  o f  i n v e s t i g a t i o n ,  
a r e  l i s t e d  b y  e l e m e n t  n u m b e r .  A  k e y  i s  p r o v i d e d  i n  
T a b l e  A .
( b )  A C T U A L  E S T I M A T I O N  T I M E  i s  t h e  a v e r a g e  t i m e  b e t w e e n  
a  m e a s u r e m e n t  b e i n g  r e c e i v e d  a n d  a n  e s t i m a t e  b e i n g  
p r o d u c e d .
( c )  A C T U A L  C O N T R O L  T I M E  i s  t h e  a v e r a g e  t i m e  b e t w e e n  a n  
e s t i m a t e  b e i n g  r e c e i v e d  b y  t h e  c o n t r o l l e r  a n d  c o n t r o l  
a c t i o n  b e i n g  a p p l i e d .
( d )  T h e  d i a g o n a l  e l e m e n t s  o f  k e y  e s t i m a t o r  a n d  c o n t r o l l e r  
m a t r i c e s  i n  r e l e v a n t  u n i t s  a r e  g i v e n ;  a l l  o f f  d i a g o n a l  
e l e m e n t s  a r e  z e r o .  I n  t h e  c a s e  o f  E M E ,  P R O C E S S  N O I S E  
i n d i c a t e s  p r o c e s s  n o i s e  p r e s e n t  o n  t h e  p a r a m e t e r  
e q u a t i o n s  a n d  " M E A S U R E M E N T  N O I S E "  i n d i c a t e s  p r o c e s s  
n o i s e  p r e s e n t  o n  t h e  s t a t e  e q u a t i o n s .
( e )  A V E R A G E  F I L T E R  S T A N D A R D  D E V I A T I O N  i s  o b t a i n e d  f r o m  t h e  
a v e r a g e  s q u a r e  r o o t  o f  t h e  a p p r o p r i a t e  e l e m e n t  o f  t h e  
e s t i m a t i o n  e r r o r  c o v a r i a n c e  m a t r i x .
2 7 5
( f )  F o r  c l a r i t y ,  t h e  f o l l o w i n g  u n i t s  a r e  u s e d  t h r o u g h o u t  
t h e  T a b l e s .
T ,  T C O  
C A
C R T F C
E
V R
A
g m o l / m 3 
k w / ° K  
k j / k m o l
^ 3 in
m  / k m o l  s e c
A l l  t i m e s  a r e  i n  s e c o n d s  a n d , '  e x c e p t  w h e r e  s t a t e d ,  
t h e  m a g n i t u d e s  o f  n o i s e  t e r m s  a r e  g i v e n  i n  t e r m s  o f
v a r i a n c e .
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T A 3 L E  A  *
O P E H A T  I O N A L C O D E S -
E L E M E N T
O F  C O D E V A L U E M E A N I  NG
1 -2 E X A C T  E S T I M A T O R  “  S I M U L A T I O N
-  1 K A L M A N  E S T I M A T O R  -  S I M U L A T I O N
1 K A L M A N  E S T I M A T O R  -  R E A L - T I M E
2 E X A C T  E S T I M A T O R  -  R E A L - T I M E ;
2 1 E X T E N D E D
2 I T E R A T E D  E X T E N D E D
3 S E C O N D  O R D E R
3 -  1 S Q U A R E  R O O T  F O R M U L A T I O N
1 O R D I  N A R Y  F O R M U L A T I  ON
4 -1 ' N O R M A L  - C O V A R I A N C E  C A L C U L A T I O N
1 I M P R O V E D  C O V A R I A N C E  C A L C U L A T I O N
5 -1 U A R F C  C O R R E L A T I O N  U S E D
1 U A R F C T  C O R R E L A T I O N  U S E D
6 1 2 D  U A R F C  M O D E L  U S E D
2 3 D  U A R F C  M O D E L  U S E D
3 3 D  U A R F C T  M O D E L  U S E D
7 1 2 D ,  T  O N L Y  M E A S U R E D
2 2 D ,  C A  O N L Y  M E A S U R E D
3 2 D ,  T , C A  M E A S U R E D
4 3 D ,  T , T C O  O N L Y  M E A S U R E D
5 3 D ,  T C O , C A  O N L Y  M E A S U R E D
6 3 D ,  T , T C O , . C A  M E A S U R E D
8 -  1 C O R R U P T  W I T H  N O I S E
1 N O I S E  F R E E
9 1 U N I F O R M  N O I S E
2 N O R M A L  N O I S E
3 A U T O C O R R E L A T E D  N O I S E
10 1 C O N T R O L  O N L Y
2 E S T I M A T I O N  O N L Y
3 E S T I M A T I O N  & C O N T R O L
11 -1 S I M U L T A N E O U S  P R O C E S S I N G
1 S E Q U E N T I A L  P R O C E S S I N G
12 1 L I N E A R I S E D  C O N T R O L L E R ( L C )
2 G R E T H L E I N - L A P  I DUS C O N T R O L L E R C  G L C )
3 P A R A D I S - P E R L M U T T E R  + L I N E A R I S E D  
C O N T R O L L E R C P P + L C )
4 P A R A D I S - P E R L M U T T E R  + G R E T H L E I N - L A P  I D US  
C O N T R O L L E R C P P + G L C )
5 O P E N - L O O P  C O N T O L  S E Q U E N C E
6 ‘ , A N A L O G  C O N T R O L C A C )
13 1 E X P E R I M E N T A L  E S T I M A T I O N  T I M E  D E L A Y  U T I L I :
2 S U P P L I E D  E S T I M A T I O N  T I M E  D E L A Y  U T I L I S E D
14 1 E X P E R I M E N T A L  C O N T R O L  T I M E  D E L A Y  U T I L I S E D
2 S U P P L I E D  C O N T R O L  T I M E  D E L A Y  U T I L I S E D
15 1 N O T  R E R U N  O F  R E A L  D A T A
2 L O G  D A T A  F R O M  P L A N T  F O R  R E R U N
3 R E R U N  U S I N G  R E A L  D A T A
*6 -1 E U L E R  I N T E G R A T I O N  T H R O U G H O U T
1 R U N G E - K U T T A  I N T E G R A T I O N  T H R O U G H O U T
2 7 7
M OD E LS 
P A R A M E T E R S :  
E S T I M A T O R :  
C O M T R O L L E R :  
R E M A R K S :
T A B L E  A* 1 results from typical r.";i
ELEMENT . RUN CODC
2 D
C R T F C
E K F
0 P E M  L O O P  
S I M U L A T I O N
5 6 7 6 9 1C 11 IS 13 14 15 16-1 1 I -I -I I 3 •I 2
2 STATE! S> I PARAMETER!S>
EST! M/1AVERAGE ACTUAL TIMES O.l
I CONTROL!S)
PROCESS MEASUREMENT NOISE NOISEP.25P00E 00 0.40PCPE Ck C.25C0OE 00 0.4G0OPE-05 P.CPO00E GO
AVERAGE RESULTS OF 100 RUNS
ITERATION T TCO • CA0 0.R0 0.001 -0.26 0. 128 -0.31 0.0 53 -0.11 -0.064 0.17 -0.095 0.54 -0.il6 0.84 -0.207 . 0.97 -0.308 0.69 -0.289 0.47 -0.2210 0.23 -0.1011 0.19 -0.1312 0.12 -0.0913 0.04 -0.0514 -0.08 -O.OS15 -0.13 -0.P316 -0.18 -0.0317 -0.18 -0.C218 -0.15 C.0319 -0.13 0.0120 -0.08 0.G121 -0.04 -0.0022 -0.04 0.0223 0.04 0.0124 0.04 -0.0525 0.02 -0.0626 -0.01 -0.0327 -0.03 * -0.0128 -0.02 -0.0329 -0.00 -0.C4*30 0.05 -0.05
RHSESTIMATIONERRORITERATION T TCO CA0 0.00 o.eo1 0.82 0.792 0.69 0.743 0.57 0.674 e.52 0.65S 0.67 0. 566 1.05 0. 537 1.42 0. 56a 1.30 0. 549 1.08 0.5110 0.9 1 0.4611 0.71 0.4812 0.39 0.4213 0.32 0.3114 0.62 0.291 5 0*90 0.2916 0.98 0.3317 * 0.90 0.3518 0.S2 0.3819 0.69 0.4120 0*49 0.4221 0.34 0. 4222 0.29 0.3723 0.27 0.3324 * 0.29 0.3025 0.27 0.2926 0.27 0.3027 0.27 0.2528 0.88 0.3029 0.31 0.3130 0.30 0.31
RMSestimationERRORITERATION CRTFC0 2.9865I 2.96452 2.85243 2.72184 2.71635 2.57406 2.2 CO 47 2.03308 1.432!9 1.067 610 C.95991 1 0.943612 0.910713 0.879814 0.8787IS O.8 30 516 0.7 37 4 .17 0.6190IB 0.558319 0.524920 0.50152! 0.502022 0.496923 0.49 3724 P. 49C425 0.490426 0.459627 0.490925 0*493329 0.497530 0.4958
0.77 0.83 1.03 1.21 I .27 U21 I .OS 0.84 0.68 0.74 0.95 I . 10 1.13 1.09 0.99
0» 65’ 0.65 0.65 0.66 0. 66 0.67
AVERAGE FILTER STANDARD DEVIATION CRTFC 3.0000 2.9867 2.9590 2.942?2.93980.8755 2.6306 2.2056 1 .7735 1.467 31. 29 7 I 1.2289 I. 2149 1 • 1896 1. 1033 0.9727 0.0434 0.7438 0. 678 5 0.6423 0.6269 0.6232 0.6220 C.62140 * t2 1 2 0.6211 0.6210 0.6203 0.6204 0.6198 0. fcl’J9
CONTROLS :ion TCI20.80 21.1u 24. 3/ 29. 2635.20 AC.7445.61 48.3 650.20 43,36
45.61 40.7 4 
35.CO29.26 24. 39 21. 14 2C, CO 21.1424. 3929.26 35. CO *35. 2925. CO 35. CO
35.0235.02 35. ec 35.ee
35.00 
35. ca35.00
ITERATIONSTATE ESTIMATES T TCO
30
23.55 24.7? 26.49 29. 52 32.63 36.2529.62 43.2244. 4845.C544.24 41.69 35.0 635. 34 34. 17 31.38 32.73 33.E7 20.7 0 32. 1 4 33.7534.6235.25 25.9 336. 14 26. 52 36..9 4 26.93 36*34
32. 3S 32.44 32. G9 31.C2 3C. 14 28.26 26.41 23.87 22.04 20.67 19.95 19.84se.c?2C.9121.6522.63 23.9124.63 25. 17 25. 31 25. 15 24.93 24.99 25.01 24.06 23. 60 23.24 23.30 23*30
PARAMETER ESTIMATES ITERATION CP-TFC0 3.75031 3.29612 3. 522!3 3. 429 14* 3.4233 '5 2.3C636 2.62047 1. 571 68 1.43709 C.550910 0.928011 0.6 00 612 0.777413 0.424514 -0.241715 C.241016 1.324617 I.I76S18 1. 59 1 419 1.567220 1.578421 I.SSC822 1.596723 ».S96e24 1.574325 1. 559126 1.568427 1. 577828 1. 59 5729 1. 58 59 .30 1•550 G
MEASUREMENTS T TCO CA94.03 31.8220.19 32.9825.11 32.2024.14 33.3626.46 32.4132.22 29.7633.35 32.1636*39 26.9439.94 26.9043.95 21.4242.39 19.5844.65 18.9843.94 19.2737.40 19.8435.07 18.6836.88 21.6138.06 22.3531.07 24.6434.P9 26.6129.8B 24.7530.90 25.2430.43 24.2835,98 24.3834.33 25.0435.15 27.H37.65 28.2834.15 20.06?36*80 21.9538.30 21.9736.65 24.7435.03 * 24.24
TRUE STATES T , TCO CA24.03 31.8224.03 31.8224.31 31.0025.29 31.6727.17 31.3129.92 30.5933.29 29.4236.91 27.8240*32 25*9143.06 23.9644.77 22*24 <45.23 20.9544.38 20.1842.39 19.9339.56 20.1536.33 20.7433.21 21.613C.67 22.6229.11 23-6628.76 24.6029.67 25.3331.71 25.6233.20 25.6034.28 25.3735. C7 25.0535.63 24-6936-05 24-353G.35 24.0436-56 23-7836.72 23.5636.83 23.37
TRUE OF NOMINAL PAPAMETE! CRTF C8.7635 0.7625 0.7 635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7625 0.7635 0. 7635 0.7635 0.7635 0.7635 0-7635 0.7635 0.7635 0.7635. 0.7S35 0.7635 C.7635 C.7635 0.7635 0.7635 0.763S3.7635 0.7635 C.7635 0.7635 0.7635 (3.7635
2.0 01.29 1.000.35 
C .73 0.661. 1 1 1.281.29 1. 191.03 0.34 0.67 0.70 0.9 3 l.l 6 1.171.03 0.98 0.87 0.770.7 0 0. 67 0. 67 0. 67 0.67 
C.C7 Vl. 67 0.67 0.67
STANDARD DEVIATION CA CRTFC 2.oc a.oeco 1.29 2.9867I.OS 2.9710 C.88 2.96430.81 2.95910.76 2.87C00.74 2.53730.74 2.04820.7 4 1 . 6f: I 40.74 1.3470'0.72 1. 19610.69 1.13373.67 1.12190.65 1.10900.65 1.03700.6? 0.So340* 7C 0,7556 0.71 C.6&780.73 0.61230.73 3.2310B.73 0. 56570.7? 0. 56060.72 '*,5517c.69C. C 5 C» 5 57 5 0.1.8 0.557 30.67 0.5571fl.67 0.55 630.67 0.5 5'60.67 0.55610.67 0.5* »iT
2 7 8
M O D E L :  
P A R A M E T E R S :  
E S T I M A T O R :  
C O M T R O L L E R :  
R E M A R K S :
TAPLE A .2 RESULTS FROM TYPICAL RUN
2 D
C R T F  C > E  
E K F
0 P E N  L O O P  
S I M U L A T I O N
RUJ CODE -I I 1 -I -I I 3-1
2 STATEC S> 2 PARAMETERSS>
ESTIMATIC AVERAGE ACTUAL TIKES 0*16
1 co:jtpol<S>
diagonalELEMENTS1
STATE CONTROL PROCESS MEASUREMENTVEXGHT WEIGHT NOISE NOISE0.2SCCCE 00 0.4CPD0E 01 0.25QC0E 00 0.40000E-05 O.OOOOOE 00O.OOOOOE OO
AVERAGE RESULTS OF 100 RUNS
0.C0 C.O 1 -0. 16 -C» C 3 C.22
e.te 0.47 C • 2 5 -C.01 -C.27 -C.38 -C. A3 -C.34 -0.25 -C. 13 -0.09 -C.C3 
-e.ea 0.06 3.36 
C.O A C.01 -0.01
AVERAGE DIAS CA CRTFC 0.C0 -2.9365 0.39 -3.02040.93 -2.88161.03 -2.71361.25 -2.6316 1.35 -2.52561.29 -2.1 A351.15 -1.7 5021.CS -1.1639 1*03 -0.8527 1 *CA -0.665? 0.86 -0.6900 G.83 -P.6993 0.32 -C.7270 0.73 -0.7006 0.75 -B,5619 0.70 -0.AI99 0*65 -e.3056 0.67 -0.23E2 0.61 -0 • 1312 C.59 -0.IAC9 ' C.56 -0.1183 0.59 -0.1065 0.57 -0.1010 0.A9 -C.C9A7 C.A6 -0.C927 O.AS -0.C919 0.43 -0.0920 0.A3 -0.G9190.39 -0.08920.37 -0.0767
693A. 1699* 1232. 1009. 836. 71 A. 613. 536. A76. A39. A1 6* 330. 361. 3A6. 325. 305. 28 5. 263. 261. 2A7. 237. 226. 219. 210. 196. 166. 181. 17A. 165. 157. 151.
RMS ESTIMATION ERROR ION T TCO CA
0. 55 0.530.71 1.131. 561.A71.26 1.06 0.65 0.50 0.29 0.62 0.93 1.02 0.95 0.66 0.72 0.50 0.3A0.29
RMS ESTIMATION ITERATION CRTFC0 2.98651 3.00772 2.89613 2.7 368A 2.70615 2.61196 2.A1997 2.27878 1.70129 1.327310 1.176811 1*174612 1.162013 1.16251A 1.157915 1.033816 0.877217 0.712718 0.625019 0.572520 0.536721 0.531022 C.520623 0.51 A32A U.SC*?25 0.507626 0.5CU27 0.61*6620 C. 50 5129 0.5I2630 {US 104
0.00 1.90 1 * 8 A1.77 1 * 8 A1.77 1*64 t.47 1.32 1.26 1.24 1.09 1.03 0.96 0.91 0.89 0.84 0.82 0.86 0.63 0.61 0.60 0.79 0.75li« 660.65 0. 64 0.61 C. 57 0.57 0.57
2* 001.30 1 .02 C* 37 0.73 0.841.03 1.21 1.25 1.201.05 0.66 0.70 0.720.901.C6 1.12 1.09 I .00 0.83 0.75 0. 67 0.65
0.650.65
C. 66
2.CC 1.99 1.56 1 .34 1 .21 I. 12
C. 39 0.8A e.83 e. 730.77 0.73 P. 79
0. 76 C. 750.75 C. 7A
6934. 1800. ! 347. 1060. 886. 754. 6A6. 566. 
SOI. 464. 44| « AOS. 387. 370. 349. 329. 307. 292. 28 A. 271. 260. 251 . 243* 232. 218. 209. GOO. 192. 183. 175. 171.
AVERAGE FILTER STANDARD DEVIATION CRTFC E3.CROC 2.93 562.9595 2.9442 2.9419 2.8745 2.6263 2.2129 1.3033 1.S122 1.3476 1.2800 1 .2 650 1 .25351. 1333 1 .0594 0.9249 c.eiAS 0*7 A?3 0.6983 0.4304 0.67 63 0.6750 0.6745 0. 6V uf 0 . 67 4 0.6741 C.6729 C. 67 34 0.6726 C. 67 16
7071 . 669. 4S2. 361. 310. 275. 3 49 . 220. 214.2 ra. 193. 186. 181. 176. 171. 166* 162. 159. 155. I 52. 150.
ITERATION TCI T TCO CA0 CO. OP 24.03 31 .821 21.14 20. 19 352 24. 39 2f. 11 32.273 29.26 24. 14 33. 364 35* DC 26. 46 32.415 40.74 32.22 29.766 45. 61 33. 35 32. 167 43.86 36.39 26.948 . 50.00 39.94 26.9P9 46.86 43.95 21.4210 45. 61 42.39 19. 5311 40.74 44.65 13.9512 35.00 43.94 19.2713 29.26 37.40 19.3414 24. 39 35.07 18.6315 21. 14 36.83 21.6116 20.00 38.C6 22.3517 21. 14 31.07 24.6418 24. 39 34.29 26* 6)19 29.26 29*58 24. 7520 35.00 30.90 P5.2421 35.00 30.43 24.2822 35.00 35.98 24.3323 35. d0 34. 33 25*0424 35.00 35. IS 27. 1 125 35.00 37.65 28*2326 35. no 34.15 20.P627 35.00 36.60 21.9526 35. 00 38.30 21.9729 35.00 36.65 24.7430 35.00 35.e3 24.24
STATE ESTIMATES TRUE STATESITERATION T TCO CA T TCO CA0 24.03 31.82 24.03 31 .621 22. 34 32.93 24.03 31 .822 23.70 31.71 24.31 31.803 24.71 31.61 2 5.29 31 .674 26.46 31.02 27.17 3U315 29.4 6 29.57 29.^ 2 3C.596 32. 53 29.02 33.29 29. 427 36* 02 26.95 36.91 27.526 39.32 25.27 40. 32 25.919 42.81 22.61 43.06 23.9610 44. 04 20.70 44.77 22*2411 44. 6B 19.37 45-23 20.9512 44.05 10.74 44.38 2P. 1013 41 .77 18.72 42.39 19.9314 38.56 18.96 39* 56 20. 1 515 35.82 19.84 36.33 20. 7416 34.44 20.62 33.21 21.6117 31.61 21.92 30.67 22. 6218 30.9 0 23. 12 29. 11 23.6619 30. 19 23.88 28.76 24.6020 30.7 5 24.44 29.67 25-3021 32. 14 24.56 31. 71 25. 6222 33.72 24.39 33.20 25.6323 34. 59 24.24 34.25 25.3724 35. 22 24.34 35.07 25*0525 35.90 24.50 35.63 24. 6926 36. 1 1 23.43 36.05 24.3527 36. 50 22.94 36. 35 24.C423 36.9 2 22.56 36. 56 23.7329 36.97 22.69 36.72 23.5630 36.62 22.74 36-63 23.37
PARAMETERESTIMATES TRUE OR NOMINAL PARAMETERSITERATION CRTFC E CRTFC EC 3.7500 40000. 0.7635 46934.1 3. 329 5 4543 1. 0.7635 46934.2 3.5567 45721. 0.7635 469 34,3 3.4 557 46026. 0.76DS 46934.4 3. 4577 46137. 0.7635 469 34.5 2.3632 46230. 0.763S 46934.6 2.276q 46449. 0.7635 469 34.7 1.9294 46449. 0,7635 469 34.8 1.3287 46 528• 0.7635 46934.9 0.9935 46491. 0.7635 46934.10 1.4359 46443. 0.7635 46934.11 1.4111 464334 0.7635 46934,12 1.4440 46445. 0.7635 46934.13 1.2 30 5 46473. 0.7635 469 3 4.14 0.593 5 46432. 0.7635 46934.15 0.8231 46513. 0.7635 469 34.16 1.79 53 46SI8. 0.7635 46934.17 1.5032 4* 57 I • 0.7635 46934.18 1.9 001 46622. 0,7635 409 34.19 1*8210 46637. 0*7635 46934.80 l*80C3 46650. 0.7635 46934.21 1.7450 46645. 0.7635 469 34.22 1.7841 46646. 0.7635 469 34.23 1.77CC 46658. 0.7635 469 34,24 1.7 427 46700. 0.7635 469 34.25 1.7294 467 56. 0.7635 469 34.26 1.723 I 46707. 0.7635 469 34.27 1.7336 46694. 0.7635 46934. *28 1.7510 46636. 0.7635 4G934.29 1.7410 46712. 0.7635 46934.33 1.7070 46729. 0.7635 46934.
STANDARD DEVIATION ‘ITERATION T TCO CA CRTFC Ea 2.00 2.00 3.0000 7071.1 1. 30 1.99 2.9856 669.c 1.00 1.56 2.971 1 452.3 0.85 1.35 2.9655 361.4 0*70 1.21 2.9597 309.S 0.87 1.13 2.8683 274.6 1. 1 1 1.07 2.5346 243.7 1.26 1.03 2.0667 228.6 1.07 0.99 1.6618 213.9 1. 18 0.94 1.3977 201*10 1.04 0.89 1.2499 192.11 0.06 0.84 1.1873 185*12 0.70 0.79 I.1760 100.13 0.68 0.77 1.1716 175.14 0.8 S 0.76 1.1237 171.1 5 1.06 0.77 1 .0036 166.16 1. 1 3 0.79 0.8706 162.17 1.07 0.79 0.7725 158.13 0.99 0.00 0.7069 155.19 0.88 0.81 0.6679 1 52.20 0*70 0.00 0.6489 149.21 0.7 0 0.80 0.6426 1 46.22 C. 63 0.79 0.6405 • 143,23 P . 67 0.73 C.6397 1 40.24 C. £7 0.77 0.6393 1 30 .25 n.t? 0.77 0.6391 135*26 P.67 0.76 C.6390 133.27 0.67 P. 7 6 0.6337 I30.28 0.67 0.75 C.6353 128.£9 0.68 0.75 0.6377 125.‘30 C.6Q 0.7 4 0.6370 123.
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TABLE A© 3
C R T F C ,  E ,  VR 
E K F
O P E N  L O O P  
S I M U L A T I O N
-1 1 I -1 -l I 3-1
3 PAP. A'JET EH CS)
9 Id II IS 13 1A IS 16 22-1 582 1 1
1 CONTROL*5)
AVERAGE ACTUAL TIKES
diagonalELEMENTS STATE VEIGHT CONTROLWEIGHT PROCESS MEASUREMENT NOISE NOISEC.2S8C8E DO D.AOBC0E 01 e.SSCOOE 00 0.40D00E-05 0.C08C0E 00 O.CPBeOE 00 0.O0GOQE 09
AVERAGE RESULTS OF 100 RUNS
G.00 -fc.ll -C.47 -0.71 -0.93 -0.8 J -C.41 C.I 0 0*22 C.27 0.20 • 0.12 -0.13 -0.46 -C.77 -C.93 -0.93 -C.94 -C.83 -S.77 -0.70 -0*66 -2.63 -C.SC -3.46 -0.45 - 0 . A A -C.A3 -C.A1 -0.36 -0,29
AVERAGE DIAS CA CRTFC 0.00 -2.9865 C.38 -2.9739 0.66 -2.7C6A 0.63 -2.23130.89 -2.203A1.23 -2.66541.23 -3,20911.C9 -3.6202 0.98 -3.6A2S 0.86 -3.6633 C.70 -3.6440 0.A9 -3-725) 0.32 -3.7511 0.17 -3.7263-O.ce -3.5723 -0.16 -3.2179 -0.33 -2*969A -C.AA -2.5269* -G.AC -2.1790 -0.42 -2,2118 -0.33 -1.8680 -0.18 -1.7926 C.C3 -1.7A3A 0.16 -1.6533 0.17 -1.6109 0.20 -1.5322 C.25 -1.557A 0.2S -1. 5207 0.20 -1.A902 0.15 -1.AA81 0.11 - I•378A
69 34. 2051. 1303. 1 643. 1 A52. 1232. 1065. 957. 917. 899. 89 S. 876. 875. • 872.- 857. 833. 812. 73 A. 750. 733. 717. 70 A. 69 5. 67A. 656. 645. 639. 632. 620. 609 • 59 6.
VR0.031600 0.001652 0.001882 0.001963 0.031802 0.001582 0.001446 0.001366 0.001335 0.001402 0.(301 Al 5 0,001426 0.C01A33 0.001432 O-POI418 0.COI393 0.0C1356 C.C01307 O.e01229 0.CO1198 0.001165 0.00!146 0.001I2B 0.001098 0.CO1C82 0.001073 o.eoi066 .0.001061 0.001052 0.001040 0.001022
CONTROLSTCI20.0021.14 2'U 3929.26 35. CO 40.74 AS. 6140.86 50* 00 AS. 8 6 45. 61 40-7435.0029.2624.39 21. 1420.0021.1424.3929.8635.0035.0035.0035.0035.0035.0035.0035.00 3S. 0035.0035.00
RESULTS FROM TYPICAL RUN
24.P3 20. 1925. 1 1 24. 1426. 46 32.22 33.3536.3939.9443.9542.3944.65 43.9437.4035.C736. BS35.0631.0734.29 29. BS 30.90 30.43 35.98 34.3835. IS37.65 34. I 536. BO38.3036.65 35.03
24.03 22. 5924.P925. 46 27. 5231. 3434.0 5 37. 0940.0443. 19 44.38 44.9744. 37 42. 10 33.91 36.2335.0032. 18 31. 5630.89 31.5332.9034. 5335. 35 35.9436. 6136. 7 S37. U 37. 51 37. 53 37. 35
CA31.8232.95 31 .9 4 31.9431.24 29.6828.97 26.8825.2422.72 20.9119.72 19.21 19.26 19.50 20.53 21.5522.96 24.36 25.05 25. 48 25.3224.98 24. 64 24.61 24.66 23.60 23. 14 22.80 22.9322.97
FVPEM CITS TCO CA31*52
33.36
24.0324.03 24.31 25.?9 27. 17 29.92 33.29 36.91 40, 3243.06 44,77 45.2344.33 42.39 39. 5636.33 33*2130.67 29. 11 28.7629.6731.71 33.20 34.2535.07 35.63 36. 05 36.35 36. 5636.72 36.83
32.41 29.76 32. 1626.94 25.9021.42 19. 53 13*9519.27 19.84 13.69 21.61 22.35 24.64 26. 61 24. 7525.2424.28 24. 38 25.04 07.1 1 23.23* 20.0621.95 21.97 24*7404.24
CA31.92 31.52 31 .32 31.67 31.31 32. 59 29.4227.92 25.91 23.96 , 22.24 20.95 20*1819.9320. 15 20.7421. 61 22. 62 23.6624.60 25. 30 25. 6225.60 25*37 25.05 24. 69 24.35 24.04 23.78 23.56. 23.37
ITERATION T' TCO CA T TCO CA ITEP-ATIOM CP.TFC E VR CRTFC E VR0 0.00 0.03 2.C0 2.00 0 3.7500 40000. 0.033200 0.7635 46934. 0.0048001 0.72 1.90 . 1.24 1 .99 1 3.0692 45181. C.003338 0.7635 46934. O.n048C02 0.74 1.72 1.00 1.61 2 3.3232 4S24S. 0.003051 0.7635 46934. 0.0C48O03 0.95 1.57 e.98 1.47 1 3.C 100 45465. O.003OO1 0.7635 46934. 0.0048004 1.31 1.66 1.13 1 .32 4 3* 1 218 45677. O.0O3224 0.7635 46934. 0.0048005 1.32 1.69 1*31 1.16 5 2.7145 45527. 0.0C2G47 0.7635 46934. 0.0048006 1.27 1.61 1.36 1.27 6 3.9 59 4 45354. 0.003104 0.7635 46934. 0.0048007 1.39 1.44 1.31 1.03 7 4. 3224 45919. 0.003251 0.7635 46934. 0.0048008 1.16 1.27 1*21 e.93 8 4.69 57 46004. 0.003235 0 . 7 6 3 5 4 69 3 4. 0.0048009 1 .00 1.14 1.10 C. 92 9 4. 2925 45938. 0.003224 0.7635 46934. 0 . CO480010 0*86 1.04 e.96 0.26 10 4. 4065 45943. 0.003347 0.7635 46934. 0.00480011 0.69 0.83 0.81 0.82 . 1 1 4.3164 45940. 0.003331 0.7635 46934. 0.00480012 0.4B 0.72 0.71 C. 79 12 4. 3074 459 46. 0.0C339 5 0.7635 46934. 0.O048OC,13 0.59 0.61 0.72 0.79 13 3.5429 46C43. 0.003561 0.7635 46934. 0.004BP014 0.92 0.62 0.85 0.8) 14 2.0 52 6 46175. 0.003327 0.7C3S 469 34. 0.00480015 1.20 0.69 0.99 0.8 5 1 5 2. 5137 461 35. 0.0-03714 0.7635 46934. 0,00480016 1.29 0.77 1.07 0.82 16 4.3177 45972. 0.0034C7 0*7635 46934. 0.00480017 1*27 0.84 1.07 . e.90 17 3.9 307 45993. O.O03378 0.7635 46934. 0.00480018 1.15 0.93 I.C2 e.9c IB 4.8948 45391. 0.003121 0.7635 46934. 0.00480019 1.08 0.93 • e.92,. 0.58 19 4. 6330 45919. 0.003180 0.7635 46934. 0.00400020 0.93 B.81 0.8)' 0.35 20 4.5092 45936. 0.003218 0.7635 46934. o.oeABoo21 0.82 * 0.71 0.72 C.31 2! 4. I 1 51 460O0. 0.OC3365 0.7635 46934. 0.00480022 0.78 0.59 0.7O 0.73 22 4.2716 45965. 0.003318 0.7635 46934. 0.C048C023 0.65 0.53 0.69 0.76 23 4. 178 6 45989. 0.CO3350 0.7635 46934. 0•0048CO24 0.63 0.49 0. 69 0.75 * 24 4. 1216 46026. Q.3C3357 0.7635 46934. 0.00480025 0.60 0.49 0. £B 0. 75 25 4.221 I 46047. 0.003304 0.7635 46934. 0.00480026 D* 59 0.48 0. 68 0. 74 26 3.9986 46054. 0.CC3397 0.7635 46934. 0.00480027 0.56 0.46 0.68 0. 74 27 3.9672 46348. 0.003412 0.7635 46934. P. 00480028 0.54 0.47 0.69 0.73 28 4.C212 46029. C.003397 0.7635 46934. 0. 0-CAB 0029 0.54 0.45 0.69 0.73 £9 3.9733 460 53. 0.0O34B4 0.7635 46934. 0.00400030 0.49 0.46 ' 0.69 0.72 30 3.8 125 46091. 0.003447 0.7635 46934. 0.004800
RMSESTIMATION ERROR AVERAGE FILTERSTANDARD DEVIATION STANDARD DEVIATIONITERATION CP.TFC • E vn CPTFC E VP iteration T TCO CA CRTFC E VR0 2.9865 6934. 0.001600 3.CCKG 7e7i,. .0.00! 53 1 0 2.00 2.00 3.0000 7071. 0.0015011 2.9914 2130. 0.001655 2.9673 742, 0.PP1574 1 1.24 1.99 2.9678 742. 0.0015742 2.7 466 1848. 0.001929 2.9097 649. e.021482 2 1.01 1.60 2.9321 636. 0.0014883 2.3462 1690.. 0*002060 2.3732 627,► 0.001220 3 1.02 I. 43 2.9166 607. 0.0013144 2.3279 15! 5. C.eC!952 2.3675 565.. C.001034 4 1.19 1.27 2.9077 545. 0.001087S 2.7 S40 129C.. 0-CG1712 2.?9C3 432.. C.000?27 5 1.34 1.14 2.6169 462. 0.0008826 3.3734 1 122. C.C0157C 2.6349 41 3,, 0.000701 6 1.42 1.08 2.6432 400. 0.0007407 3.8096 1007-■ 0*001492 2.4372 375,, 0.000640 7 1.33 1.03 2.5173 367. O.PP06748 3.B703 955. 0.00)481 2.3836 b*s,► 0.000 614 8 1.22 0.97 2.4356 351. 0•00064 5.9 3.91 55 931.1 O.G0148B 2.3291 34 4. C.C00 62 3 9 1.09 0.92 2.3358 343. 0.OOO63210 3.9 153 925.• C.001499 2.2669 339,. 0.C0CF9? 10 0.9 S 0.86 2.3526 340. 0.0006251 1 3.9834 9C9 1 C.C01507 2.2463 336,> e.000*93 11 0.8? o.e 1 2.3324 339. 0.00(161912 4. C 1 57 907. 0.001513 2.2233 335,. 0..*00527 12 0.71 0.79 2,3147 338. 0.00061013 3.9966 905. 0.CB1515 2. 1992 332.. e.000*77 13 0.72 0.79 2.2752 335. C.0C059914 3.87 1 1 893. 0.Q01530 2. 1 ISA 329, C.000563 14 0.67 0.80 2.1688 330. O.PP0S811 5 3. 5350 809. 0.001466 1.9699 32?, C.P00544 1 5 1.12 0.82 1.9193 317. 0.00055316 3. 1 652 843. 0.001435 1.3017 31 7,. 0.000*22 16 1.18 0.84 1.6724 306. O.C?r?2617 2.8322 825. 0.CCI392 1.6431 310.. 0.000*0? 17 1.03- 0.87 I.5207 303. ,0.00050718 2.4 68 0 790. 0.601323 1.5153 203.> C.007479 IB 1.00 0.39 1.4H4 295. 0.0rn40919 2.3386 776. 0.001295 1.4269 298, 2 . 0 0 n 4 61 19 0.90 0.89 1.343 6 29 1 * 0.00047220 2.1940 761 . 0.001263 1.3773 29 4,. 0.000443 20 0.82 0.87 1.3016 287. 0.00045721 2. 1 121 7 48. C.001239 1. 357 5 29 | .1 0.000440 21 0.76 0.83 1.2724 2.14. 0.00044422 2, 0607 7 39. 0.001221 1.3468 259. 0.000425 22 0.7 4 0.7? 1.2536 280. 0.00043623 1.9 62 5 717. 0.001IB9 1.33*8 286. P.000431 23 0.73 0.76 1.239 5 277. 0.00042924 1.9 1 57 7P0. O.CCI173 1*2316 24 0.72 0.7 5 1.2279 274. 0.PCV42325 1.8839 689 • 0.001164 1.32<i I 279, 25 0.7 1 0.7 4 1.2177 2? 1. 0. COO-41926 1.8 432 682* 0.KCII 56 1. 31 52 276. <1 .J? 26 P.7 1 C.7 3 1.2042 269. 0.00041527 1.6 1 17 672. o.ee.i i *i? 1. 3.76? 27?. 27 C.7Q 0.73 1 . 1991 267. 0.00041228 1. 7703 660, 0.031137 I.??*! 271 . 1!. 00041 5 20 0.7 a 0.7 2 1 .1302 PC% 0.00.040929 1.7561 650 » O.CC1128 1.2343 262. 0.00041? 29 0.7 0 0.7 2 1.1513 263. 0.00040630 1*696 5 639. 0.0011 12 1 .2728 266. 0.000410 30 0.70 0.11 1 .1725 262. 0.000403
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TABLE A* 4 RESULTS FROM TYPICAL PHI
3 D
C R T F C
E K F
O P E N  L O O P  
S I M U L A T I O N
ELEMENT RUM CODE -1 1
3. STATE! S)
AVERAGE ACTUAL TIMES
DIAGONAL STATEELEMENTS WEIGHT
1
1-1-1 2 6-1
PARAMETER! S)
9 10 (1 12 13 14 IS |6 22-1 522  I I
1 CONTROL!S)
PROCESS MEASUREMENT NOISE NOISEC.25C0CE 00 O.40OO0E 0! O.2S0O0E OO 0.4O0OOE 01 0.2S000E 00 0.4O0OOE 01 0.O0D00E 00
AVERAGE RESULTS OF 100 RUNS
ITERATION T0 C.CC1 -0-282 -0.413 -0.334 -e.035* 0.376 0.727 0.848 0.769 0.6310 0.3711 0.2512 C.I413 0.0114 -0.09. 15 -0.2116 -0.2217 -e.2iIB -e-1919 -0.1922 -0.1521 -C.C822 -C.C523 -0.0524 -0.0625 -8.0226 0.0!27 C.C128 -0.0329 -a.0530 -fl•07
TCO 0.00 0.18 0.17 0. 10 0.07 -0.0 1 
-0.01 0.05 e.C7 
G.G3 -0 *G3 -8.16 -0.22 -0.26 -0.26 -0. 19 -0.15 -0.06 0.08 0.20 0.28 0.32 P.02 -C.G3 -0.01 
-e.c2 0.02 0.00 -0.22 
-c.e2 0.02
AVERAGE BIAS CA CRTFC 3.00 -2.9865 0.01 -2.9639 -0.01 -2.9041 0.e4 -2.0561 0.06 -2.8159 0.03 -2.6023 -0.08 -2.0810 -0.19 -1.4271 -0.21 -0.9343 -0.22 -0.6693 -0.19 -0.4014 -0.14 -0.3386 -0.16 -0.3325 -O.ll -0.4199 -0.08 -0.3769 -0.04 -0.3526 -0.01 -0.2741 -O.CO -0-2149. -0.01 -0.1810 0.03 -0.1793 0.03 -0.1786 0.01 -0.1799 0.01\-0.1799 C.e2 -0.1797 -O.ei -0.1749 0.01 -0.1745 -0.00 -0.1735 C.OI -0.1721 0.00 -0.1732 -C.Cl -0.1731 0.02 -0.1779
RMS ESTIMATION ERROR
30
0.00 
0.8 S 0.80 0.69 0.46 0.58 0.98 1.19 1 .29 1.28 0.93 0.69 0.41 6.28 0.59 0.62 0.92 0.99 0.87 0.67 0.53 0.35 0.34 0.28 0.30 0.32 0.28 0.27 0.25 0.2B 0.29
TCO 0.00 0.23 0.22 0.17 
0 . 1 S O. 17 0.22 0.24 0.23 0.19 6.13 0.24 0.34 0.37 0.40 0.32 0.25 0. 17 0. 1 5 0.25 0.32 0.36 0.15 0.13 0.11 0.11 0.12 0.12
0.13
0.490.420.400.456.480.530.530.460.400.330.306.296.310.380.440.406.390.400.350.346.340.310.300.300.336.330.32
AVERAGE FILTER STANDARD DEVIATION T TCO CA 2.00 2.00 fl. 52.0.50 C.49
1.291.020.870.77 0.811.CO 1.17 1.24 I. 18 1.04 0.B4 0.63 C.72
1.10 I. 07 0.9B
0.65 0.65 6.65 0.65 0.65 0. 65 0.66 0.66 0.66
C.51 0.54 0.57 0.58 0.55 0. 52 0.49 0.51 6.56 0.59 0.58 0.56 G. 52 0.5C e.49 0.49 0.50 O. 51 6.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
2. CO 
1 .29 
1.3! 
C .B 7  0.86 
e .7 6
6 .7 3
6 .7 3  
0 .7 3  
0 .7 3  
0 .7 1  C. 69 6.66 0. 65 6*65e.66
0 .6 9  
0 .71 
0 . 72 
0 .7 3  
C . 73 
C .7 2  e.7e e.69 0.68 
0 .6 7  
0 .6 7  
6 .6 7  
0 .6 7  
0 .6 7  
0 .6 7
RMS ESTIMATION ERROR ITERATION CRTFC0 2.96651 2.97552 2.93273 2.B9394 2.85655 2.73216 2.45547 1.90048 1.55739 1.3 57710 1.009911 0.933612 0.907513 0.Q94914 0.941415 0.829316 0.741217 0.679618 0.607119 0.531620 0.527621 0.523222 0.523223 0.524724 0.522025 0.52P726 0.520127 0.520520 0.517729 0.519130 6.5220
CONTROLS JN TCI2(3.00 21. 14 24.3929.2635.0040.7445.6148.6650.0048.6645.6140.7435.0029.26 24. 39 21.1420.00 21. 14 24. 3929.2635.0035.0035.0035.0035.0035.0035.0035.0035.0035.0035.00
STATE ESTIMATES )N T TCO CA24.03 20.60 31.6222.86 20.44 32.2623.97 21.35 32.5525*00 24.43 32.6226*64 28.84 32.4429.14 34.13 31.3832.81 39.53 29.6735.88 44.04 28.0939.08 47.46 26.2241.11 48.96 24.1343.16 48.28 22.7445.26 45.73 21.1344.81 41.92 20.4642.9 5 36.52 20.1440.21 31-08 20.0637.82 26.29 20.5234.35 23.14 21.5732.26 21*91 22.1729.42 22.39 23. 1 S29.36 24.83 24. 1230.21 29.02 25.0031.98 34.04 25*3733.00 34.60 26. 1134. 10 34.93 25.9134.69 34.82 25.7434.99 35.07 24.9435.4 5 35.01 24.2936. 14 35.26 24.0336.92 35.26 23.4436.77 35.04 23.2936.91 3S.07 22*99
parameter estimatesDN CRTFC 3*7500 3*1657 3*4126 3*4262 3*4430 3.1 CIS 1*7614 1.9495 I.9C71 2*4567 2.3048 1*21290.9437 1.0440 1*1360 1.6669 1.373 3 1.5760 0*9961 1.1566 1*16011. 1224 0*9986 0*9688 0.9771 0.9946 1.0044 1.0068 U0384 1.0279 1*0427
24.03 20.66 25.26 25. P226.8529.79 34*74 34.9938.80 39.46 43*81 50. 5346.98 44.P3 40. 14 39.67 33. 53 33.23 25.4330.99 31.39 32.06 31.08 33.98 33. 18 31.32 33.9337.85 40.64 35. e4 37. 10
MEASUREMENT TCO CP.60 22.23 2P.94 26. C829.35 33.79 4C.8542.0647.46 49*30 49* 1446.7546.3536.75 29.9225.47 23.4425.69 23.1823.70 27.39 31.27 33*17 36.09 32.5235.9433.95 37.22 35.54 31.5132.07 21 55
TPUE STATES T TCD CA24.03 20.60 31.3224.03 20*60 31*6224.30 21.61 31.6025.26 24.51 31.6327*12 28*92 31*3329.94 34.20 30.62 .33.19 39.58 29*4736.80 44.26 27.B740*21 47.53 25.9842*98 48.92 24.0344.72 48.22 22.3045.21 45.54 20.9944.40 41.30 20.2042.44 36.13 19.9439.63 30.84 20*1436.42 26*22 20*7233.30 22.99 21*563P-75 21.63 22.5929.16 22.36 23*6328.77 25-PS 24.5729.65 29.31 25.2631.66 34.48 25.6233.16 34*71 25*6134.25 34.83 25*3335.04 35.Ge 25.P635.62 35.09 24*7036-03 25.15 24-3636.33 35.20 24.0536. 55 35.23 23.7936.71 35.25 23*5636.82 35.27 23*38
TRUE OR NOMINAL PARAMETERS CRTFC 0.7635 0.7635 0.7635 0*7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0*7635 0*7635 0*7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0*7635 0.7635 0.7635 0.7635 0.7635 e.7635 0*7635 0.7635 0.7635 0.7635 0*7635
S FILTER STANDARD DEVIATION CRTFC ITERATION T TCO STANDARD DEVIATION CA CRTFCs.eecn 0 2.00 2.00 2.00 3.00002*9803 I 1.29 0.52 1.29 2.98032*9490 2 1.00 0. 50 1.02 2.95992.9300 3 0.85 0.49 0.88 2.95012.92*1 4 0.77 0.51 0.80 2.93832*8473 5 0.84 0. 55 0.76 2.84142.6032 6 1.04 0.57 0.74 2.55432.186B * 7 1.25 0.60 0.73 2.048?1.7779 8 1.26 0.54 0.74 1.64161* 4829 9 s 1.1? O.SO 0.73 1.330)1.3175 10 1.03 0.49 0.72 1.23391.2442 1 1 0.83 0.49 0.70 1.16331*2165 12 0.70 0.53 0.67 1.14261.1799 13 0.70 0.58 0.65 1•11621.0974 1 4 0.90 0. 5? 0.64 1.04260.9721 15 1.05 0.54 0.6o 0.92950.8486 16 1.03 C.51 0.68 0.82310*7520 17 1.05 P. 50 0.70 0.73690.6878 18 0.90 P.49 0.72 0.67790.6514 19 P. 36 0.49 0.73 0* 64410.6347 20 P.7 5 O.SO 0.73 0*62810.6290 21 0.68 0. 51 0.72 0.62260.6276 22 0.66 0.49 0.70 0.62120.6270 23 0.66 0.49 0.69 0*62070.62(8 24 0.66 0.49 0.68 0*62050.62C7 25 0.65 0.49 0.68 0*62040.6266 26 0.65 0.49 0.67 0.62040.6264 27 0.65 0.49 0.67 0.62(130.6259 26 0.66 G.49 0.67 P.620I0.6253 29 0.66 0.49 C* 67 C.6|460.6243 30 0.66 0.49 0.67 0*6169
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TABLE A* 5 resu-ts from typical run
3 D
C R T F C , E  
E K F
O P E N - L O O P
S I M U L A T I O N
-I I 1-1 -1
3 STaTECS) PARAMETERS)
AVERAGE ACTUAL TIMES
STATEweight
1 COMTROHS)
PROCESS MEASUREMENT NOISE NOISEO.250OOE OO 0.400O0E 0! 0.25000E 0(5 0• 43000E 01 0.25C0PE 00 0* 40000E 01 0.00O00E 00 0 » 00000 E 00
AVERAGE RESULTS OF 100 RUNS
-0.42 -P.34-e.cs
£.98 1.02 £.96 £.70 0. 51 C.2T -0.O3 -C.27 -C .44 -C.44 
- e .37 -0.29 -0.2 4 -e. 17 -C.C3 -0.B4 -C.G3
TCO 0.00 0.19 C.17 O.iC 0.07 -0.00 -0.02 0.01 0.02 e.co -0.02 -£. |0 -0.13 -0.1 5 -0.14 -0.1 1 -E.SJ9 -C.03 0.39 e.200.270.310.C2-0.03-C-G0-2.01e.02
C. GO -0.C1-o.e20.02
AVERAGE BIAS CA CRTFC 0.00 -2.9865 2.13 -2.9549 0.80 -2.86111.25 -2.7501 1.4? -2.6721 1.54 -2.5187 1.43 -2.17421.25 -1.7092 1.15 -1.3211 1.02 -1.1057 0.90 -0.8629 0.33 -0.8340 £.72 -C.3896 0.72 -0.9237 C.71 -0.8204 0.71 -0,6960 0.69 -0.5126 . 8.65 -C.3757 0.60 -0.28330.2553 0.2313 0.2171 3.2064 0. 1993 0. 1915 0. 1896 0. 1886 0. 1864 C.45 -0.1872 0,4* -0.1869 0.43 -0.190S
e.59 0.55 C. 54 0.55 0. 50 0.50 6. 47 0.47
6924* 16?9. 1226. 1006. 845* 712. 60 5. 520. 470. 429. 391* 368. 341. 325. 306. 290. 273. 257. 244. 235. 225. 213. 2P4. 196. 184. 177. 170. 164. 158. ISI. 147.
RMS ESTIMATION ERROR ION T TCO CA AVERAGE FILTER STANDARD DEVIATION0.000.840.800.700.470.571.001.271.431.451.080.820.490.290.590.670.991.030.910.700.550.35
0.270.250.280.29
0.21 0.17 0.15 0.17 0.22 0.21 0.20 0.1 5 0.12 0. 19 0.25 0.27 0.32 0.28 0.22 0.1? 0. 16 0.24 0.32 0.36 0.1 5 0.13 0.11 0.1 1 0.12 0.12 0.13 0. 13 0.13,
0.00 1.92 1.73 1.71 1.81 1.81 1.66 1.49 1.38 1.27 1.18 1.07 0.94 0.91 0 .88 0.08 0.85 0.84 0.84 0.82 0.80 0,79 0.76 0.76 0.72 0.69 0.63 0.<>6 0.67 0.65 0.65
2.9865 2.9728 2.8931 2.7951 2.7208 2.6 588 2.5275 2.1006 1.8079 1.6117 1.2S44 1. 19 30 1.2075 1.2230 1.2210 1.0643 0.9001 0.7807 0.6803 0.50 49 0.5673 fl.5531 0.5474 0•5450 0.5400 0.5369 0.5360 0.5346 0.5312 0.5319P.5350
69 34. 1712. 1267. r044. 860. 747. 634. 546. 49 3* 453. 418.39 3. 367. 352. 333. 317. 299. 283. 270. 261. 251. 240. 231. 223. 210. 202. 196. 190. 18 4. 177. 174.
CONTROLS TCI 20.00 21. 14 24. 3929.2635.0040.74 45. 61 43. B6 5o.no 48.06 45.6140.7435.0029.26 24, 39 21. 14 20.0P 21. 14 24.3929.2635.0035.00 35.-0035.0035.0035.0035.0035.0035.0035.0035.00
MEASiTpi&NTS T TC3 C
STATE ESTIMATES T TCO 20.60 20.44 21, 35 24. 44 28.86 34. 1 3 39.5444.08 47. 51 45.98 49.28 45.6341.82 36. 40 30.97 26. 22 23. 10 21.68 22.3824.8 3 29.0234.0 4 34. 59 34.93 34.B2 35.0735.0135.2635.26 35.04 35.06
CA24.03 22.86 24.0 3 25, 10 26.7829.20 32.7 6 35.70 3B.78 40.66 42.73 44.93 44. 6842.99 40.3937.9934. 51 32. 3? 29.4? £9.3730.20 31.9632.99 34.0934.68 34.9835. 4336. 12 36.89 36. 7436.68
31.82 32.46 32.29 32.20 32.04 30.49 23.24 26* 59 24,71 22.28 21.15 19.81 19. 44 19.23 19.14 19.64 20.8421.4322.4223.44 24.3824.75 25. 6? 25.51 25. 41 24. 50 23.77 23. 52 22.8722.7522.43
PARAMETER ESTIMATES
24. (13 CO♦ 6? 31.9220. 66 22.23 32.5725.26 SO.84 33• 52£5.02 26.T9 33.9226.85 2?.35 34.0929.79 33.79 30. 1934.74 4?• B 5 26.9634• B9 42.06 27*2438*8P 47.46 25.1038• 46 49. 30 19.4943.81 4?• 14 ??.2050. 53 46.75 21.3346.98 46*35 23.1944.03 36.75 21.1140.14 29.92 18.933?.67 25.47 2?. 7733. 53 23• 44 23?.6733.23 25.69 20..6425. 43 23.19 21.► 5630.99 23. 70 24..4431.39 27.8? 26..1732.06 31..27 25.,4131.►CB 33► 1? 31-,oe33.,9B 36.09 26.► 9133.. 19 32..52 ??,► 5131., 32- 35.,94 21.*9 4,33.93 33..95 21 <► 4937..85 37.► 22 23..3940..64 35..54 21,► 1635..04 31..51 23.► 2037,- 10 32.► 07 21,-55
true states1r TCO CA24,03 20..60 31.3224,03 20..60 31.3224..30 21 ,61 31.9325.26 24.. 51 31.6327.12 28.92 31.3329.84 34.20 30.6233.19 39.£9 29.4736.80 44.26 27.8740.21 47.53 25.9342.98 45,92 24.0344.72 49.22 22.30 •45.21 45.54 20.9944.40 41 .20 20.£042.44 36.13 19.9439.63 32.94 20.1 436*42 26.22 20.7233.30 22.99 21*5930.75 21.63 22.5929.16 22.36 23*6328.7? 25.C 5 24.5729.65 29,31 25.2931.66 34.43 25.6233.16 34.71 25.6134.25 34.SB 25*3935.04 35.00 25.CS35.62 35.09 24.7036.03 35.1 5 24.3636.33 35.£0 24.0536.55 35.23 23.7936.71 35.25 23.5636.82 35.27 23.33
TRUE OR NOMINAL PARAMETERST TCO CA ITERATION CRTFC E CRTFC E2.00 2.CO 2.CO 0 3.7530 40000. 0.7635 46934.1.29 0.52 1.99 I 3. I 355 45374. 0.763S 469 34.1.02 £.50 |.E6 2 3.3 643 45904. 0.7635 469 34.0.67 0.49 1.34 3 3.3423 4621B. 0.7635 46934*0.78 0.51 1.20 4 3. 374t‘ 46457. 0.7635 46934.0.92 0.55 1.11 5 3.CS 33 46437. 0.7635 46934.I. CO £.57 1.05 6 1.8 565 46364. 0.7635 469 34.1.17 £.57 1.21 7 2.2137 46394. 0.7635 469 34.1.22 0.54 C.9B 6 2.2301 46412. 0.7635 469 34.1.17 0.51 0.94 9 2.9702 46291. 0.7635 46934.1.04 0.49 £.89 10 2.851 1 46363. 0.7635 469 34.0.36 0.50 0.84 11 1.7 439 46433. 0.7635 469 34.0.70 e.54 0.80 12 I. 4540 46543. 0.7635 46934.0.70 C.56 0.79 13 1.5122 46 S3 6. 0.7635 469 34*0.86 0.56 0.77 14 I.5626 46573. 0.7635 46934*1.02 0.55 0.77 IS 2.0053 4659 | . 0.7635 469 34.1.89 0.52 0.79 16 1.5709 46651. 0.7635 46934.1.07 c.eg o.se 17 I.70C2 46635. 0.7635 46934.0.99 £.49 6.80 18 I.0 430 46630. 0.7635 46934.0.88 0.4? 0.21 19 I.167? 46645. 0.7635 469 34.0.75 e.5z e.9i 20 I. 1877 46673. 0.7635 46934.0.67 0.51 0.20 21 I. 1041 46683. 0.7635 469 34*0.66 0.49 P.79 22 0.9624 467 65. 0.7635 469 34*0.65 0.49 0.73 23 0.9475 46737. 0.7635 46934.C. 65 0•49 C* 77 24 0.9373 46319. 0.7635 469 34.0.65 0.49 P.77 25 0.951 1 46779. 0.7635 469 34.C. 65 e.49 0.76* 26 0.9 553 467 46. 0.7635 46934.0.C5 0.49 e.76 27 0.9576 46751. 0.7635 469 34.0.66 P.49 0.75 £3 0.9391 467 30. 0.7635 469 34.0.66 0.49 0.75 29 0.9763 46735. 0.7635 46934.0.66 0.49 0.74 30 0.9899 46724. 0.7635 469 34.
AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATIONCRTFC E ITERATION T TCO CA CRTFC E3.CP00 7071. 0 2.CO 2.00 2.00 3.0000 7071.2.9732 669. 1 1.29 0.52 1.99 2.9702 669.2.9456 452. 2 1.00 0.50 1.56 2.9565 451.2.9256 361. 3 C.B 5 0.49 1.35 2.9457 360.2.9153 310. 4 0.7 7 0.51 1.21 2.9344 308.2.8381 275. 5 e.84 0.55 1.13 2.8390 273.2.5* 46 25C* 6 1.0 4 0, 57 1.07 2.5524 248.2.1772 230 » 7 1.25 0.59 1.02 2.0565 228.1.7917 215. B I.2S 0.53 0.98 1.6641 21 3.1.5146 *203. 9 1.17 0.50 ' 0.94 1,4123 201.U3561 194. 10 1.04 0.49 0.88 I.271 I 192.1 . 28 5? 186. 11 0.69 0.4? 0.84 1.2027 185.1.2647 181 . 12 0.7 2 0. 52 0.80 1.1845 180.I.2413 176. 13 0.69 C. 56 0.77 1.1684 175.1.1733 171. 14 0.85 0. 56 C.76 I.1092 170.1.0543 166. 15 l.P 1 0.54 0.77 1.0035 166.0.9255 1 62. 16 1.06 0.51 0.78 0.8937 162.0.8192 1 59. 1? i.es O. £0 0.79 0.7991 158.C.74'4 156. 16 C ,98 0. 49 C.8C C.7 326 155.C.7C45 153. 19 0.57 0. 49 O.fifl 0.69 39 1 52.0.68 64 1 5C. 20 0.76 0.50 0.80 0, 67 56 150.fl.6783 147. 21 0.63 C. 51 0.79 0.6(94 147.0.6774 144. 22 0.66 0.49 0.78 0.C679 I 44.£.6763 141. 23 C.( 6 0.49 0.78 0.tf74 141.0.6766 1 29. 24 0,65 0.49 0.77 0.6(72 138.0.6745 1 36. 25 0.65 P. 49 0.77 0.6672 1 35.0.(764 133. 26 c.ts £.49 0.77 0.(672 133.C.676I 131. £7 0.< 5 0 . *9 0.76 P.C(?l i 30.0. 67 £f 122. 2d C . 6 £» P.49 0.75 P. (»(C9 IPS.6.674? 126. 29 0.6( 0. 49 0.75 P.Cf(3 1(6.P.f?33 124. 30 C.66 £.49 0.7 4 P.(654 124.
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T A B L E  A* 6 RESULTS FROM TYPICAL RUN
3 D
C R T F C *  E* VR 
E K F
O P E N - L O O P
S I M U L A T I O N
-l i i-i-i ?
> 3 PARAMETER!S) 1 CONTROL!S>
AVERAGE ACTUAL TIMES ESTIMATION
diagonalELEMENTS STATEWEIGHT PFOCESS HEASlTFtENT NOISE NOISEO-250CPE CO 0.42COPE 01 0*2500OE 00 0.402CPE 01 C1.25DPCE CC 0.4PCCCE 01 P.PPC0OE 00 O.PPPCOE PO 0.OOOC0E 00
AVERAGE RESULTS OF 100 RUNS
0.00 -0* 37 -0.66 -0.93 -1 * 12 -1.09 -0.66 -0. 19 0.13 0.31 0.23 0.12 -0. 13 -0.42 -0.67 -0.83 -0.83 -0.78 -0.75 -0.74 -0.71 -0.66 -0-62 -0.59 -0.56 -0.49 -0.43 -0,39 -0.41 -0.41 -0.42
TCO 0.00 0.17 0* 1 4 • 0.0S 
-C.01 -0.1 5 -C.28 -0.34 -0.37 -0.33 -0.22 -0. 1 I 0.06 0.20 0.32 0.38 0.36 0.31 0.29 C.230.14 0.06 -C. 1 1 -0. 1 1 -0.06 -0.05 -0.00 -0.01 -0,02 -0.01 0.03
AVERAGE DIAS CA CRTFC 0.00 -2.906S 0.11 -2.9179 0.54 -2.6907 P.82 -2.3547 1.13 -2,2783 1.35 -2.6216 1.37 -3. 159 5 1*21 -3.4750 1.09 -3.60S2 0.88 -3.6636 0.68 -3.6138 0.49 -3. 659S 0.24 -3.7444 P.10 -3.6670 -0.C6 -3.3970 -0.19 -3.P4PI -0.32 -2.6114 -0.41 -2.2677 -0*48 -2.0628 -0.42 -1.9264 -P.34 -1.0364 -0.20 -1.7752 -0.02 -I.737B P.14 -1.7014 0.19 -1.6794 0.25 -1.6374 0.25 -1.5802 0.24 -1.5527 0.21 -I.5404 0.17 -1.5151 0.17 -1.5075
6934. I960. 1736. 1 623. 1473. 1281. IC9I . 971. 
915. 879. 859. 8 53. 851. 840. 920. 796. 765. 737. 720. 
7e5. 69 5. 68 5. 676. 667. 656. 644. 631. 622. 617. 610. 610.
0.001600 P.CCI637 0.PCI9S? C.001926 0*001319 0.PC 1658 C.001493 o.rouu0.CC1336 C.0O1373 
c;cci33i C.001393 P.PC142P 0.221424 P.CC1377 P.0O1336 0.CC1280 P.CP 1226 P.CC1196 e.C01160 P.CPI 140 0.PC 1124p.rciiC9P.02IP9B C.CCIP9P P.CT1076 P»PP1062 O.P01049 0.CdP47 e.CClC42 0.CP1O43
RMS ESTIMATION ERRORITERATION C.C0 0.82 0.93 1.12 1.39 1.61 1.54 1.27 t.18 .1.18 0.89 C.67 0.49 0.56 0*32 1.07 1.16 1.22 
1.12 
1.01 0.93 C.B2 0 *80 0*73 0.72 0.67 0. 58 0. 56 0.54 0.55 0.55
TCO0.000.226.190.15
0.35 0.41 0.42 0.38 P.27 0.17 P.16 0.26 0.39 0.45 0.43 0. 37 0.32 0.26 0.21 0.20 0, 19 0. 17 0.13 P. 12 0.12 0. 12 0. 12 0.13 0.13
CA 0.00 1.92 1.65 1.45 1.58 1.69 I.60 1.48 1.36 1.19 1 .03 0.83 0.66 0.62 0.67 0.74 0.86 0.96 1.04 0.91 0,79 0.60 0.59 0. 56 0. 55 0.54
0.520.530.50
AVERAGE FILTER STANDARD DEVIATION T TCO CA2.00 2.00
2.9B6S2.9 403 2.7S61 2.4903 2*35)I 2.7 566 3. 3193 3.6497 3.82563.9 037 3.3 562 3.8929 3.9649 3.8865 3. 6 29 3 3. 33482.9 347 2.6020 2.3602 2.2)01 2.t tao 2* C 649 2.04) 3 1.99C4 1.9C57 1.9393 1.8704 1*8 443 1,8226 1.7963 1.73C5
6934.2042.1777.1664.1521.1328.1144. 10 1 B • 954. 918. 898. 891. 889. 879. 860. 841. 
814. 788. 772. 757. 745. 736. 727. 
716. 705. 69 5. 680. 67 4.671. 663. 661.
VR.001600.001640• OP 1898 .002C12 .001954 .001804 .001631 .OCI 532 .001487 ,001474 .001482 .001490 •001514 •O01S01 .001476 .001433 .001389 •001337 .001304 .001262 .001237 .001821 .001209 .001193 ,CO I 188 .03117?• PP1160 .0011 50 .021 I 47 
. n o n  4i .001139
2.001.24
1.000.971. 101.29 1.36 1.31 1.22 1. 10 0.96 0.62 0.71 0.71 0.83 0.97 1.06 1.07 1.01 0.91 0.80 0.72 0.7O 0. 69 0. 63 0. 68 
0.68 0*68 
0.66 0.6B 0.69
AVERAGE FILTER CPTFC 3.OO0O •2.9607 2.8930 2.0.480 2.8369 2.7540 2. 58 30 2.4204 2.3P04 2.2230 2.1797 2. t 596 2.1442 2.1060 2.0179 1.6736 1.7054 1.5504 1.4304 1.35041.30 44 1.2524 I .2723 1.2653 1.2589 1.2523 1.8450 1.2369 1.3081 1.8184 1.203?
0. 50 0. 49 0. 51
1.99 1.61 1.46 1 .31 0.54 1.16P.56 1.070.55 1.030.53 0.980.51 0.92P.49 0.860.49 0.62C • 50 P.790.52 0.790.54 P.81
0.870.880.89
0, 78 0*76 0*75
0.51 0.49 0.49 0*49 0.49 0.750.49 0.740.49 0.740.49 0*730.49 0.720.49 0.72
CONTROLS TCI 20.P0 21* 1 4 24* 3? 29*26 35.CO 40*74 45.61 43*86 52*00 43*8 6 45-61 40.7435.0029.26 24*39 2U14 
2c .ce  21*14 24*3929.26 . 35*0035. CO35.00 35.OC 35*00 35»ee 35.CC 35. CC 35*ze35.0035* ee
24.0323.09 24.4) 25.94 23.23 22.6934. 59 36.74 29*5441-3643.2745.2 5 44.9643.36 48.3033.36 34.9932.3 129.9 1 29.84 22.7 5 32. 50 33.50 34*5835. 12 35. 36 35.78 3C* 45 37.25 37. 06 27. 19
21*4024.5223*9334.29 
39^90 44-4347.3 5 49.2 3 43.4545.71 41.60 36.CC 22.49 25*73 22. 53 21.51 22.20 24*79 25.13 34*2634.72 35.8) 34.88 35. 1235.0435.29 35.26
3L*32 32-47 32. 5732.72 32-49 38* 56 28-17 26*5624.76 22*42 21.35
2e .1119*8319*7319.77 20*46 21 *82 22.37 23.21 24.29 25. 1925. 3926. 1 1 25.81 25*61 24.69 23.9823.73 23*09 
22.9T 22.68
3.75002.86973.1 I S3 2.8412 2.8946 - 3.2G74 3.0257 3-8 514 4. 1825 4.76174.8 526 4. 30 52 4. 2S44 4, 3875 4. 2002 4.7 50 34.2 5483.9 550 2. 3 59 5 2.6846 2.8127 2.6C01 2.3376 2.29C8 2* 1 C-41 1.6896 1-8185 1.9146 2.2231 2.0679 2.0920
ESTIMATES
4C000. 045069. 045367. 04S4B9. 045699. 045369. 0457 36- 045979. 046034. C459 68 . 846014* 045997. C460 53. C 460 59. 0 46066. 046023. 0460 51* 046114. 046264. 046229, 046212. C 462 4 5* 0 46331. 046353. 046417. 046429. 046413* 046396. 046316* 046347. 46333.
VR 1.003200 >.003320 3.002364 3.002596 3.002677 3.003124 3-OC3016 3.SC3453 3. C-C 2546 3.023652 1.003635 3*0034?8 3.C 23424 3.C03378 >,003427 3.C03345 J.CC3316 3,003495 J. 30 38 00 >.0(33735 3,303679 >■ S0 37 34 3.00376 I >.0C3771 >.002837 5.11039 24 1.003954 1.003919 >.003822 > ,0.0337 0 3.003866
24.03 20*66 25-26 25*02 26.85 29.79 34*74 34*89 33*80 38*46 43.8! 50* 53 4-6*98 44*03 43*14. 39*67 33*53 33*23 25*43 30*99 31 *39 32*06 31 *08 33*98 33*18 31 .32 33*93 37*85 40*64 35*04 37*10
MEASUREMENTS TCO 20*60 22.23 20.64 26.08
CA
29.35 33*79 40*8 5 42*0 6 4T.46 49*3049*14 46*75 46.85 36*7S 29.92 25*47 23*44 25*65 23*10 23*70 27*89 31 *27 33.17 36*09 32*52 35*9 4 33*95 37*22 35.54 31*51 32*07
3 1 *02 32.57 33.52 33*92 34*09 30. 19 26*96 27*24 25*10 19*48 23-20 21*33 23*19 21 *11 18.83 20*77 23-67 20*64 21*56 24*44 26*17 2 5-4.1 31*00 26*91 27*51 21*96 21*49- 23*88 21*16 23*28 21*55
24*03 24*03 24*30 25.26 27*12 29*84 33. 19 36.80 40*21 42*90 44*72 45*21 44. 40 42*44 39*63 36*42 33, 33 30,75 29. 16 28.77 29.65 3! .66 33*16 34.25 35-04 35.62 36.03 36.33 36. 55 36.71 36.82
.TRUE STATES 
TCO 20*60 20*60 21*61 24*5!28 *9 2 34-20 39*58 44*26 47.53 48 *92 48*22 45*54 41 *30 36*13 30*8 4 26.22 22*99 21 .63 22*36 25*05 29.31 34*48 34*71 34,88 35.00 3S.e9 35, 15 3S*20 35*23 35.2S 35* 2T
CA31*8231*5231*8031*6831 *3330-6229*4727*6725*9824*0322*3020*99 *20.2019.9420*1420*7221 *5822*5923.6324*5725*2825.6225*6125.3525*0624*7024*3624*0523*7923.5623.38
TRUE OR NOMINAL PARAMETERS v CRTFC E YRC.7635 46724- C.234300P.7635 46934* 2.,1243220.7635 46934* e.20432?C* 7635 46924* K.P245PCC.7635 46934. C.?C4??00-7635 46934* P.CC482CC.7635 4 69 34* C.224522e.7635 46934. 0.22432?2.7625 46924* C.2.14SC?C.763 S 46924. C.224823C.7635 46934* 2.C2A32?0.763S 46934* 0.2043300.7635 46734* 0*eC4?22e.763S 46934* 0.0243000.T635 46734* C.C243702.7635 46934* C-224R200.7625 4C934- 2.02430.70.7625 46924. 2l?24«??0.762S 46734. 2.?F<.5230.7625 46924. C.CK43P2C.7635 46934. 0.0243220-7635 46934- C.PP4803E.7625 46924. 0.CC4S72e.763S 46934* 0.004800C.7635 46924* 2.2'‘;S?2P.763S 46934. 2.224322C.7635 46924. 0.07480?C.7635 46934* 0.02450? .e.7635 46934. 0.CP457Z0.7635 46924. C.204*000.7 625 469 24. 2. e?4BP.e
STANDARD DEVIATION STANDARD DEVIATIONE VR ITERATION T TCO CA CRTFC E VP7071 . 0.001581 0 2*2.0 2. CC 2.CC 3.COCO 7C71, 0.021501743. 0.001575 I 1.24 C. 52 1.99 2.9607 742. 0.221575649. 0.00)488 2 1.00 0.50 l.oe 2.9) 11 633. C.C2M496630. 0.001297 3 l.co 0.49 1 .46 2.8835 616, E.CC1295574. 0.001064 4 1. 19 0.51 1.33 2.8734 SS3, 2.PC J C22490. 0.000851 5 1. 37 P. 54 1.16 2.7744 465, 2.222797419, 0.000708 6 1,38 0. 56 1.C8 2. 59 52 399. 0.202,672375. e.000634 7 1.32 3.56 1.C2 2. 41 36 3C3. C.CC0615352. G.P00599 . 8 1.21 0.54 0.97 2.2B9C 347. 2.220591339. 0.000583 9 1.09 C. 51 0.9 1 2.2126 ’ 337. 2.P27E8I333. 0.200576 10 0.9B fl.50 C.BS 2.1723 332. p.or? 577330. 0.000571 1 1 0.85 C.47 0.80 2. )56C 329. e.R??57«328. 0.020565 \2 0*72 P. 50 0.77 2. 1453 223. ?.20257l325. 0.000556 13 0.71 0.52 0.76 2*1125 325. 0.222563321. O.P00541 14 0.81 0.54 0.73 2.C337 321 . 0.2225513) 5. 0.020522 13 0.95 0.54 0.82 ).9046 316. 0.PR? 534309. 0.000502 16 l.O) C. 52 0.85 1 .7723 312.302. fl» 00248 I 17 1.01 0. 51 0.89 1 . 64 59 32 5. 2.22249689 7, 0.000463 18 0.98 0.50 0.89 I.5396 302, G.?*?473293. 0.000448 19 0.91 0.49 C. 87 1.4567 29 5* 2.22046?890* 0.000437 20 0.01 0.49 0.84 I.4066 29 1 . 0. 222450237. 2.000429 21 0.73 0%5l 0-80 1.3820 208. C.20244?834. 0.POP424 22 C.70 R.49 C‘,77 1.3701 286. 0.220427PR!. 0.220420 23 0. 69 0.49 0*76 ). 28 3. C.222423878 * 0,000417 24 0.69 0.49 0.7 5 1.3552 2*?* 2.??; A37275. 0.POO414 25 O.CB P. 49 0.7S 1.341! 277. 2.?"?4?7270. 0.070411 26 0.63 P. 49 0*7 5 1 .240? P7A* ?.2224-4869. 0.200408 27 0.63 0. 49 2., 7 4 1.3333 ? 7 i - r.7224?:l867. 0.002406 28 C. 68 P.49 G • 7 3 1.32.13 268. 2.222413264. 0.002423 29 n. 69 2.49 G»7 r I.3136 r 65* 2.277415262, 0,020 40 I 30 C.69 0.49 0.72 1.3ri9 263. A.P0P4I2
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TABLE A»7
3 D
C R T F C ? V R  
EKF
O P E N - L O O P
S I M U L A T I O N
9 IP .It 12 13 14 15 If-1 I 1-1 -I
3 STATE<S> 2 PARAMETER* S> I CONTPOLC S>
ESTIMATIONAVERAGE ACTUAL TIMES
PROCESS MEASUREMENT NOISE NOISE0.2SCP0E 00 0.4CCPCE 01 0.25CPOE PB C.4PCC0E Cl Q.25PC0E 00 0.4PC00E 01c.ooooce 00P•00000E 00
AVERAGE RESULTS OF 100 RUNS
0.00 -0.37 -0.55 -0.50 ' -C.27 0.03 0.31 0.44 0.45
0.1 1 0.03 -0.0 5 
-0.10 -C.20 
-0.22 -0.23 -0.24 
-0.26 -0.24 -0.18 -0.15 -0.1 4 -0.15 
-0.10 -0.07 -0.06 
-0.10 -0. 11 -0.13
TCO
0.000.17a. 16 0.09 0.05 -0.04 -0.09 -0.07 -0.07 -0.07 -0.09 -0. 16 -0. 17 -0. 19 -0. 17 -C.09 -0.05 0.02 0.12 0.21 C.25 0.26 
-0.01 -0.04 -0.02 -0.02 0.01 
-0.00 -0.02 -C.02 0.02
AVERAGE BIAS CA CRTFC 0.00 -2.9365 -0.48 -2.94P6 -0.5B -2,8612 -0.45 -2.0022 -0.33 -2. 758S -0.44 -2.6730 -0.56 -2.3447 -0.68 -1,8980 -0.66 -1.47B5 -0.64 -1.2026 -0.60 -0.9188 -B.54 -0.7893 -6.57 -0.7914 -0,52 -C.7555 -0.51 -6*6713 -0.48 -0,6297 -0.47 -0.S448 -0,45 -0.4820 -0.45 -0.4469 -0.35 -0.4296 -0.35 -0.4245 -0.35 -0.4221 -0.32 -0.4179 -0.25 -0.4090 -0.30 -0.4P6B -0.27 -0.3927 -0.26 -0.3338 -0.24 -0,3706 -0.24 -0.3676 -0.25 -0.3645 -0.21 -0.3621
VR .001600 .001237 •C0C926 .000690 .00C55- •PP0516 .000505 .000503 .000467 .000433 -000414 .000383 .000330 ,000353 .CC0335 .000315 .000297,000278.000267.000245.CC0234.000228.000219.000210.000211.ror?02.C00194.000187.000183.000133.000176
CONTPOLSnon tci27.. ZF21.14 
24.3?29.26 35. CO 40.7* 45. 61 48.36sc. eo43.86 45. 61 40.7435-0029.26 24. 39 
21.1* 20. CC21.14 24. 3929.2635.00 « 35.0035.00 35. CO35.0035.0035.00 35. CO35.00 35. ec 35.CC
RESULTS FROM TYPICAL PUN
P4.03
24. £9 2 5. 52 27. 43 29.87 33.4136.25 39.3541.25 43.29 45. 36 44.89 42.93 AC. 16 37. 75 34. 33 32.21
30.26 32.04 33. 12 34.23 34.83 35. C335. 5036. 19 36-95
22 • 60 2E.47 21.3B 24.45 28.52 34. 21 35.64 44. 1 4 47. E4 45.94 42.29 45.75 41.90 36. 46 31. C3 26.23 23.C 5 21.85 22. 37 24.8229.0434.C7 34.63 34.9 534.8.435. CB 35. C2 35-27 3*. 2 6
CA 31.82 32.77 33. 59 33.94 33.9132.31 3C.32 23.48 26- 51 24. 1C 22.76 21.26 20.71 20.47 CC. 37 2C.9022. 07 22.5323.3524.35 2 5.30 2 5.62 26.5226.32 26. 16 25.20 24.4S 24. 19 23.5623. 40 23.07
20.6625.06 25.0226.85 29.7934.7 4 34.89 38.00 38. 4643. 8 I 50. 5346.9844, 03 40. 14 39.67 33. 53 33.23 25.4330.99 31.39 32.06 31.05 33.*>8 33. 15 31.32 33.9337.85 40. 64 35.04 37. 10
SlTI.MnJTCO20.6020.2320.8 4
20.08 29.35 33.7940.8 5 4? *0647.46 49.30 49 . 1 4 46. 7$ 46.85 36. 75 29.9225.47 23.44 25.65 23. 18 23.70 27.59 31 .27 33.1736.09 32.5235.9433.95 37.22 35.54*31 .51 32.07
TSTA31.82 32.57 33.52 33.92 34.09 30. 19 26.96 27.24 , 25*10 19.4823.20 21.33 23. 19 21.1118.83 20.77 23.67 20. 64 21.56 24.4* 26. 17 25,41 31+00 26.91 27.51 21.9* 21.49- 23.88 21.1623.20 21.55
24.0324.03 24. 30 25.26 27. 12 29.84 33. 19 36.80 4e.2i 42.98 44.72 45.21 44. 40 42. 44 39.63 36.42 33. 30 30.7 5 29. 16 29.7729.6531.66 33. 16 34.2535.04 35.62 36.03 36.33 36. SS 36.71 36.32
TRUE STATES TCO 20.60 20.60 21.61 24.51 88.9234.20 39.5844.26 47. 53 46.9 245.22 45.54 41 .30 36. 1 3 30.84 26.2? 22.99 21.63 22.36 25.05 29.31 24.48 34.71 34.88 35.00 3S.C9 35. I 535.2035.23 35.2535.27
CA31.8231.82 31 .BO 31 .68 31.33 3R.62 29.47 27.8729.98 24+03 22.3020.99 ‘ 20.20 19.94 20. 14 20. 7221.5822.59 23.63 24. 57 25.28 25.62 25-61 25.38 25.06 24.70 24.36 24.05 23.79 23.56 23 + 38
P. MSESTIMATION ERP.OR AVERAGE FILTER STANDARD DEVIATION PARAMETERestimates TRUE 0? NOMINAL PAPAM!ITERATION T TCO CA T TCO CA ITERATION CRTFC VR CP.TFC VP0 o.ca C.00 0.00 2.60 2.00 2.00 0 3.7 500 0.003200 0.762S P. E 048 PS?1 0.82 C *22 1.26 1.24 0.52 1.55 1 2.9402 0.0035!7 E * 7635 0.PC45P02 €.34 0.20 1.39 1 .CO 0.50 1 .49 2 3. 2 49 S 0.OP 3446 0*7635 P.C245CP3 0.76 0.16 1.11 €.89 0.49 1+36 3 3. 193S 0.003493 0.7635 C•C245tS4 a.fic 0.14 1.0! 0.84 0.51 1 .22 4 3.2 531 - C.003521 C.763S C.PP43CC5 e-6i 0.18 0.97 0.92 0. 54 1 .08 5 3.1 493 0.003904 0.7635 e.?C430P6 C .89 0.24 0.88 1. 10 0.36 0.97 6 1.9319 0.004123 0.763S e.ccA^co7 1.C3 0.24 P.91 1 .23 0, 57 0*91 7 2.2245 C.004338 C.7635 c.f C4».P38 l.l 5 0.21 0.07 1 .25 C. 55 0.88 6 2.1421 0 . CO 4443 e.763S P.CC43CC9 1. 18 0.19 0.88 1.17 0. 62 0,56 9 2.2317 C. 0047 39 0.7625 E.CC45C?te C.85 0. 16 0.88 1.03 0.49 P.84 10 2. 1774 0. 004?0 S 0.7635 0.ce4»ppn 0.63 0.23 0,79 0.84 0+5.1 0.81 11 1.2 329 0.004629 0.7635 C.CZ43P012 C. 38 0.28 0.78 0.69 0.55 0. 79 12 1. 1073 O.C0453S C.7635 0.CP45PC13 0.31 0.31 0.74 0.73 0+57 0. 79 13 1.2452 0.004498 0.763S E.CP48P814 C.60 0. 34 0.73 0.91 0.58 0.80 14 1.2648 0.004549 0. 7635 C.C243C01 5 C.8 3 0.27 0,74 I .07 0*56 0.83 IS 1.8621 G.004529 0.7625 0-CP4BCC16 0.92 0.22 0.76 1. 11 0*53 0.86 16 1.6607 0.004465 C.7635 C.2C42CC17 1.00 0.17 0.80 1.08 C.5I 0.88 17 1.7641 0.004572 C.7635 C.Cf43C0 '18 C. 86 0.19 0.86 0.99 0. 49 0.89 18 1.0723 0.0046QC C.7635 C.2P45C019 C. 69 C.25 0.76 0.87 0.49 0.88 19 1.2634 0. 004662 0.7635 C.2P48PC20 0,57 0.30 0.71 0.76 o.so 0.87 20 1.3443 0* C0462! 0.7635 fl.EP.4REC21 C.4C 0.32 0.72 0.63 0.51 0.84 21 1.2 67 2 0.004643 0.7635 C.PE4ecc22 C. 39 0.15 0.65 0.66 0.49 O.Bl 22 1.3011 0.004526 C.7635 e.CE42C?23 0.33 0. 1 4 0.60 0. 6> (1.49 0.70 23 1.3174 0.004510 0.7635 C.CC/.2C024 0.35 0.1 1 0.60 0.66 0.49 0. 77 24 1.3 354 0,004490. C.7635 P.C045PO25 0,36 0.11 0,54 0.66 0.49 0.76 25 1.2046 0.004597 C.7635 e.f*C4e?B26 0. 32 0.12 0. 53 0.66 0.49 0.75 26 1.1028 0.B04677 0.7635 P.. C3*30027 0.29 0. 12 0.49 0.66 0.49 0.74 27 1*1135 0.004673 0.7635 e.EC45PC28 0.28 0.13 0. 53 0.66 0.49 0.74 28 I.IG96 0.004702 0.7635 o.cc4eo229 0.30 0.1 3 0.53 0.66 0.49 0*74 29 1.0787 0.034715 0.7635 C.02482330 0.32 C. 1 3 0.51 0.66 0.49 0.73 30 t > 0 543 0.004744 C.7635 C.CC452C
VRRMS ESTIMATION ERROR I ON CRTFC 2-9365 2.9616 2.9125 2.6715 2.8 5392.8251 2.68 38 2.2926 1.9 49 5 1.7175 1.3931 1.2 601 1.216)1. 1 69 1 I. I 503 I.C3S4 0.9043 0.8 61? 0.7C21 (!. 6970 0.7C95 0.7015 o.7ta i e.6957 C.6961 
R.6S5? 0.63 33 O.f i7 5 C.C7C2 0 . £ 5? 7 0.6646
■ CCI 600 .001351 .P01C88 .000822 .000691 > (76C658 .000613 .0CO588 »000546 .0,00,522 .000506 .000471 ,000467.000444.000422.rOQ4C5.0.00337.000366.000355.000325.000310.000305.000296.000287 .000286 .02027 $ .CTPP.72 .IT 02 59 .000257 ,000255 .000350
AVERAGE FILTER CRTFC 3.BC0B 2.9640 2.9C42 2.8666 2.0 546 2.79 1! 2.5762 2.2282 1.8912 1-6432 1.4924 1 . 41 S7 1.3760 1.3255 1.2281 1.0925 0.9647 0.8672 0.6029 0.7658 0.7481 0.7414 0.7393 0.7375 0.7356 0.7335 0.7311 0.7287 0.7261 C•7233 0.7204
STANDARD DEVIATION VR0.001581 0.001288 0.000980 O.PO0780 0.000654 0.000560 0. 000 508 0.000469 0.000442 O.OC0423 0.000409 0.000096 0.000384 0.C0O371 0.000358 O.00O344 0.000330 n.nnP3i6 0.00P3P4 O.0O0292 O.CP0282 0.000273 O.0OC266 0 . 000?CO 0.0PP255 0.000250 0.000246 0.000242 0.000?33 0.000235 0.000231
ITERATION
0.88
0.B5 
fl.96 1.161. 38 1.27 1. 1 6 1.03 0.83 0.7C 0.7 1 0.901.0 5 1.081.0 4 0.97 
0.80 0.7 6 0.69 C.67 C.66
TCO 2.00 0.52 0.50 0.49 0. 51 0.53 0.56 0. 59 0. 54 C.51 0.49 C. 49 0.53 0. 58 0.57 0. 55 P. 52 0.50 0.49 0.49 P. SO 0.51 0,49 0.49 0,49 0.49 
C.4? P. 49 C.49 
0. 49 0. 49
STANDARD DEVIATION CA CRTFC 3.02C0 2.964C 2.9182 2.89210.6834 2.7936 2.5275 2-0336 I,7303 1.4979 1.35331. 28 51 1 .2515 1.2C94 1. 1271 1.0125 0.91 15 0.8325 0.7783 0.7457 0.7294 0.7230 0. 7 21! 7 0.7192 0.7170 0+7148 0.7128 0.7101 0.7276 0.7049 C* 7021
2.00 1 .55 1 .43 1 .40 1.26 1.12 0.99 0.92 0-88 0.S5 0.82 0-50 0.77 0.76 0.77 0.80 C.83 0.85 0.86 0.B7 
0.E5 0.83 0.80 P. 73 0.76 0.7 5 
0.75 0.74 0.7 4 0.73 0.73
VR 0.08)531 O.OC1289 0.CC0955 O.C00759 
O.POCU 1 0.000514 0.0004S6 O.CP.0 423 E. CPC 40 3 C.000339 0.000373 O.C00369 O.C0.O3CO C.000351 0.000341 0.000330 O-00Z219 0.000308 C.000297 C.000287 0.CP9278 GS. 000270 C.CCP264 fl.PrC2M 0.000253 P. 000;'*.3 P. 0011*44 e.etu* C4Z p.cor?37 0.00,233 C.O0,234
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T A D L E  A* 8 RESULTS FROM TYd CAL RITJ
2D
C A , C R T F C  
EKF
O P E M - L O O P
S I M U L A T I O N
3 4 5 6 7 8 I -1 -1 I 1-1
I PARAMETER C S) I CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONALELEMENTS STATEWEIGHT
-0. 1 6 -C.24 -0. 19 0.C5 0. 54 0.83 0.36. C. 56 0.36 0.27 0.20 C. 14 e.ic -O.C? -0.C2 -C.l 5 -3.1 3 -0.11 -0.09
-e.04“O.cic.cc
-c.e2-0.C40.02-2.CC
CONTROL PROCESS MEASUREMENTWEIGHT NOISE NOISEG.25PPPE 00 e.4<?0C0E 07C.2ECC3E C0 O.OOO00E 00
AVERAGE RESULTS OF 100 RUNS
AVERAGE DIAS TCO CA* CPTFC 0.OO -2.9065 -0.00 -2.9347 O.Ce -2.8166 0.e3 -2.7640 0.04 -2.7402 -0.03 -2.6764 -0.13 -2.0352 -0.23 -1.2998 -0.23 -C.6176 -0.20 -0.3451 -0.18 -C.2579 -0.I 5 -0.2178 -0.13 -C.1990 -0.11 -0.2013 -P.07 -0.2744 -0.C5 -C.1420 -0.C1 -0•1300 C-CC -G.1242D.OI -0.1004 0.C2 -0.e972 O.ei -0.0620 e.02 -C.0643 0.01 -0.0624 C.C1 -8.C613 0.00 -e.C622 0.00 -0.0625 0-00 -0,0619 C.CO -0.0631 0.01 -0.0651 e.GC, -0.0536 0*00 -0.0592
30
RMS ESTIMATION ION T TCC 0.00 0.89 0.76 0.56 0.46 0.70 1.02 1.21 1.28 1.10 0.92 0.67 0.39 0.37 0.57 0.87 1.01 1.01 0.8?0.690.490.320.27
0.29
ERROR CA* 0.00 0.14 0.24 0.27 0.29 0.30 0,33 0.39 0.49 0.50 0.47 0.43 0.35 0.26 0.10 O. 14 0. 18 0.22 0.25 0.27 0.27 0.26 0.22 0.13 0.16 0. 15, 0. 14* 0. 1 4 0. I 3 0.13 0.13
AVERAGE FILTER STANDARD DEVIATION
a.ee1.30 1.02 0.87 0.78 0.83 1.02 1.221.30 1.25 1 .C9 0.87 0.69 0.740.961. 12 1.16 Nil 1.01 0.83 0*76 0.67 0.6S 0.6S 0.65 0.65 0.65 C.65 0.66
CA*2.C01.691.471.201.16I.CS0.96e.90C.3?C.3Se.s2C. 7? C. 76 C. 72 C.72 P.. 74 0.73 0.31 C.34 0.36 0.87 G.35 0.33 0.82 C. 79 0.77 0.77 C. 76 P. 76 0. 76 G. 75
RMS ESTIMATION ERROR ITERATION CRTFC *0 2.98651 2.94322 2.8 3643 2.78314 2.76375 2.74426 2.29387 1.8 1 578 1.4375 -9 1.095110 0.951311 0.692912 0.898213 0.875414 0.830315 0.797516 0;721717 0.657818 0.576819 0.539220 0.504321 0.499122 0.499523 0.498624 0.497?25 6.498426 0.497927 0.496928 0.498029 C* 49 5330 0.4923
AVERAGE FILTER STANDARD DEVIATION CPTFC 3.CCO0 2.9867 2.9599 2.9441 2.9423 2,8327 2.6539 2.2543 1.3279 ‘1.5160 t * 343 6 1.2335 1.2770 1.2533 1.1596 1.0168 0.8756 0.7 693 0.7320 0.665?C.6517 0 . 6497 0.6495 0.6494 C. 649 3 0.6493 C. (-.92 0.6*9? ft.6436 C.6472 0.646?
2526
CONTROLS TCI 20.0P 21. 14 24. 3929.2635.0040.7445.6148.86 50. CO48.86 45. 6140.7435.0029.26 24. 39 21.1420.00 21. 14 24.3929.2635.0035.00 35. 0035.0035.0035.0035.0035.0035.0035.0035.00
STATE ESTIMATEST TCO CA* 31.8224.0322.8 524.25 25. 53 27.2 6 29*39 32.91 36. 32 40. 56 44.39 45.58 45.8144.90 42.36 39. 10 3S.86 33.35 31. 13 SB.9128.2629.09 31.4232.91 34. 1 334.9 435.09 35.74 35.72 36.0 5 36. 48 36.80
32.0531.9531.7231.283P.6229.45 27.9225.84 23. 5121.8420.5619.8119.65 19.99 2(1.6? 21.47 22.4123.5924.6525.4625.8125.60 25- 55 25.20 24.9024.57 24.31 24.0723.6223.57
PARAMETER ESTIMATES ON CRTFC3.7 5C0 3.3 550 3.6936 3.3296 3.8C62 *3.8 327 2.2IC21.8 28 4 P.5P79-P.5423 -C.l133 -0.1 I 53 -0.1274 -0.1199 -C,C*51 0.194!C.62I4 C.3195 0.5753 0.4467 C.363 5 0.372 3 C.3727 0-3714 0.3722 P -3310 G.3QI0 0.3690 C-3670 €.3779 0.39 43
MEASVEMErITST TCO CA*24.0320.7226.P926.6228. 1929.3035.6036.7342.0445.8944.56 . ‘45.8247.7442. 4039.3036.4934.8232- 1027. 1926.9027.6331.6631.8534.3734.7731. 1836. 5832.3935.7137-8038.32
TRUE STATEST TCO CA*£4.03 31.9?24.03 31.3224.31 31. 5C25.29 31 .6727.17 31.3129.92 30. 5933.29 29.4236.91 27.324(1.32 ?5»9143.06 £3.9644.77 2?.£445.23 2P.9544.33 ?C. 1942. 39 19.9339. 56 20. IS36.33 £P.?433.2! 21.6130.67 22.6?29. 11 23.6623.76 24.6029.67 25.3931-71 25.6233.20 25.6334.23 25.3735. e? 25.0535.63 24.6?36.0? 24.3536.35 24.0436. 56 23.7336.72 23.5636.93 23.37
0.7635 0.7635 0.7635 C■7635 0.7635 0.763S 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.763S 0.7635 Q.763S 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0-7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635
STANDARD DEVIATIONITERATION T TCO CA* CRTFC0 2.00 2.CO 3.00001 1.30 1.69 2.98672 1.0 1 1.48 2.96933 0.86 1.31 2.96014 C.78 1.17 2.95945 0.62 1.05 2.90796 0.99 0.96 2.71297 1.23 0.90 2.28168 1.31 0.87 1.83879 1.28 0.B4 1.49 5!10 1. 10 0.82 1.317011 0.52 0.78 1.265012 0.63 0.74 1.265013 0.Q5 0.70 1.205214 1.1 5 0.71 1.0362IS 1-26 0.75 0.849016 1.21 C. 79 0.711517 1- I 1 C.82 0.6252Id 0.99 0.85 0,574319 0.86 0.87 G.543428 0.73 0.87 0.£39321 0« 6 5 0.86 0.538522 0.64 C.33 0.533523 C.6« C.BI 0.538424 C.C4 0.79 0,5333Z 5 P.6 4 0.77 0. 5 39326 0.6 4 0.77 P. 538 337 P.1 4 0.76 0.538223 P. 64 P.76 0. f 28 1C9 C. 64 P.7 6 P.537933 0.(5 (1.75 P. £37!j
2 8 5
MO D E L :
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
R E M A R K S :
TABLE A. 9
2 D
T , C P T F C , E  
EKF
O P E N - L Q O  P 
S I M U L A T I O N
iteration
-1 1 1-1-1 I 2 -I
2 STATECS) 2 PARAMETER! S> I CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONALELEMENTS STATEWEIGHT
ESTIMATION
CONTROL PROCESS MEASUREMENTWEIGHT NOISE NOISE0.2SPOOE OO 0.4B0O0E-05 0.2SCPOE 00 0« OOOOO E 00 0.0COO0E 00
AVERAGE RESULTS OF ICO RUNS
T*0.000.09-0.19-0.180.10
2.24 3.06 3.51 3.43 2.86 1.94 0.69 -0.67 -2 *0t
-3.30 -2.67 -1.89 -1.03 -0.59 -0.36 -0.23 -0.17 -0. 1 5 -0.13 -0. 1 4 -0.17 -0.18
AVERAGE BIAS CA CRTFC P.CO -2.9365 0.25 -2.9806 1.09 -2.9<251.41 -2.8776 1.49 -2.8496 1.61 -2.9194 1.37 -3. 1841 1.07 -3.5144 0.63 -3.8866 0.29 -4.0710 0. 14 -4.0944 C.14 -4.C966 0.24 -4. 1357 0.48 -4.1619 0.68 -4.2260 1.03 -4. 1894 1.24 -3.96791.41 -3.6050 1-47 -3.13191.42 -2.6132 1.36 -2.2263 1-14 -1.8085 0.99 -I.S3 14 0.05 -1.4324 0.75 -1.3407 0.61 -1.2544 0.56 -1.2099 0.45 -I.1476 0.39 -I.1095 0.43* -1. 1065 0.39 -1.0716
6934. 1664. 1321. 1064. 8 67. 753. 635. 565. 516. 499. 497. 497. 494. 490. 463. 451. 41P. 367. 320* 276. 244. 210. 189. 173. 162. t 48. 140. 123. 119. 118. 111.
21,1424. 3? 
c.9 • 2 6 35. 00 40.74 45. 61 48.86 5C.00 48.36 45. Cl 4C.7 435.0029.2624.3921. 1422. CO 21, 1424.3929.26 3S. 0035.0035.00 35.20 35. CC 35. ce35.0035.0035.0035.00 35* 00
MEAf
RESULTS FROM TYPICAL PUN
.63
STATE E T*24.0 324.0824. 4825. 44 £7. 24 29.29 31.5734.72 37. I 438.9 6 41 .09 42. 1 S 41.95 41.45 40.23 23.53 36. S6 34. 5333. 42 32.3 633.0 533.7334. 5535. 1235. 6636. 36 25. 6237.0937. 30 37. 39 37. 45
CA31.0223.4030.40 30.66 30.3929.2928.8727.27 26-05 24.9722.99 21.6421.2820.49 20.16 20.36 21.28 21-98 22.35 22.34 23.26 23.9323.99 24. 16 24.07 23. 1623.29 22. 5622.49 22.7022.87
32.00 32.33 29. 9B31.7427.6427.64 26.8022.04 21. 54 23.54 19.9419.8920.90 23.2224.0521.7422.7423.26 25. 5724.26 25.46 24.76 20.24 24-88 20.09 22.9324.6424.06
T<24.0324.03 24.3125.29 27.17 29.9233.29 36.91 40. 3243.06 44.77 45.23 44. 33 42.39 39.56 36.33 33.2130.67 29. 1 |28.7 629.6731.71 33.20 34.2835.07 35.63 36.05 35,35 36. 5636.72 36.83
CA 31-02 31.82 31.80 31.67 31.3130.59 29-42 27.02 25-91 23.96 22.24 . 2C.95 se.is19.93 20.15 20.74 21.61 22.62 23.66 24. 63 25.30 25.6225.6025.37 25.05 24.69 24.35 24.04 23. 78 23.5623.37
RMSESTIMATIONERROR AVERAGE FILTERSTANDARD DEVIATION PARAMETERESTIMATES TRUE OP NOMINALITERATION T* TCO CA . T* TCO CA ITERATION CRTFC E CPTFC E0 0.00 0.00 2.00 2.00 0 3.7 SCO 40000. C.7635 469 34.1 0. 12 2.07 1.70 1.99 1 3.7 4 52 4429 5. 0.7635 46924.2 0. 19 1.86 1.49 1. 56 2 3.6C48 45527. e • 7835 46924.3 0.19 1.78 1.30 1.34 3 3.4976 45949. e.763S 46934.A 0.1 1 1.81 1.12 1.21 4’ 3.4661 46177. C.7C25 46934.5 0.64 1.89 ' 1.C7 I. 12 5 3. 5059 46239. 0.7635 4(924.67 1.382.26 1.67 1.33 . 1.231.63 1.07 1.05 67 4.0C36 4. 1228 46453.46476. C•7(35 C . 7635 4(924* 4(9 24.a 3. 10 I. 12 1.91 1.06 6 4.7883 46562. O. 7635 4 69 24,9 3.55 0.86 2.03 1.05 9 5. 6430 46641. 0.7635 4(924.10 3.50 0.75 1.98 1.02 10 5. 2130 466C8. 0.7635 46924.11 2.95 0.71 1.77 0.97 11 S. 177 5 46(06* 0.7635 46924.12 2.02 0.68 1.45 0.91 12 5.8186 46653. 2.7625 46934-13 0.78 0.79 1. 10 0.05 13 5. 7 1 S6 46646. C.7625 46924.14 0.69 0.83 0.91 0.81 14 5.6911 46639. 0.7635 4(3 24-15 2.03 1.16 1.05 0.80 1 5 5. 63 t 3 46653. 0.7635 4(3 24.16 3.0 5 1.33 1.37 0.82 16 5. 4265 4» 7 1 1« 0.7635 4(734.17 3.57 1.52 1.67 0.87 17 4.9853 46772. 0*7635 469 24.18 3. 49 1.59 1.Q2 0.9 1 18 5. 161 1 467 S3. 0.7635 4(934.19 2.9 4 1.57 1.76 0.95 19 5. 1933 46750. G.7635 46934.20 2. 14 1.53 1. EO 0.95 20 5. 1929 467 50. 2.7 635 46934.21 1.23 1 .33 1.13 0.93 21 4.6733 4679 3. 0.7635 46924.22 0.72 1.16 0.94 0.90 22 4.5998 46800. 0.7635 4(924.23 0.45 1.02 0.87 0.36 23 4.299 6 468 28. C.7635 46934.24 0.31 0.90 0.83 0.84 24 4.1638 466 42. e.7635 4(924.2S 0.24 0.82 0.81 0.82 25 4.6337 46787. C.7635 4(324.26 0.23 0.75 0.81 0.8 1 26 4.4284 46815. 0.7635 46734.27 C. 2 2 0.65 0.81 0.00 27 4.7 0 40 46774. G. 7635 46934.28 0.24 0.58 0.82 0. 79 26 4. 66P4 46781. 0.7635 46924.29 0.28 0.66 0.84 0. 79 29 4. 4841 46809. 0.7635 46734.30 0.30 0.63 0.66 0. 78 30 4.3131 46838. 0.7635 469 34.
ITERATION CRTFC E CRTFC E ITERATION/' T* TCO CA CRTFC E0 2.9065 6934. 3.0G00 7071. 0 2.00 2.0C 3.COCO 707! ,1 2*9806 1780. 3.0000 680. 1 1.70 1.99 3.oaeo 630,2 2.9429 137 4. 2.9996 479. 2 1.49 1.56 2.9995 475,3 2.8788 1C92. 2.9938 397. 3 1.30 1.34 2.9987 396,4 2.8 509 09 5. 2.9987 351. 4 1.12 1.21 2.9986 349,5 2.9219 780. 2.9974 318. 5 1.08 1.12 2.9971 316,6 3. 1960 663. 2.98 40 • 292. 6 1.30 1.C7 2.9324 290,7 3.5499 590* 2.9400 270, * 7 1.64 1.06 2.9354 2(8,8 3.9 538 545. 2.8562 2S4, 0 1.93 1 .136 2.A475 252,9 4. 1 492 523. 2.7472 243. 9 2.03 1 • C 6 2.7344 241,10 4.2177 517. 2.6412 236. 10 1.97 1.0 4 2.6246 234.11 4.2269 51 5. 2.5600 231. 1 1 1.77 0.98 2.5413 229,12 4.2740 510. 2.5111 22 7. 12 *1.47 0.92 2.4908 226.13 4.3079 507. 2.49C8 223. 13 1.17 C-86 2.4679 222.14 4. 3760 484. 2.4873 219. 14 0.93 0.82 2.4630 216,1 5 4.3498 468. 2.4047 2I<» 15 0.93 6.80 2.4628 213.16 4. 1622 427. 2*4662 207. 16 1.16 0.81 2.4531 PC 7.17 3.8718 386. 2.4207 200. 17 1.43 0.85 2. 4225 2PC.18 3. 4556 340. 2.3476 192. 16 1 * CC 0.89 2.3668 193,19 3.0I9I 297. 2.2574 104. 19 1.60 0.92 2.2925 185.20 2.6443 266. 2.1670 170. 20 1.46 0,94 2.2126 175.21 2.2 542 232. 2.0940 172. 21 1.24 0.93 2.1408 I 72.22 2*088 4 212. 2.0443 167. 22 1.09 0.9! 2.0339 167.23 1*9410 198. 2.0134 162. 23 1.00 e.68 2.0423 162,24 1.8 371 187. 1.9946 1 58. 24 C.95 C.36 2.0123 1 52.25 1.76P6 177. 1.9829 154, 25 0.92 C.3 4 1.99?p 1 54.26 1.7232 1 68. 1 . 9 7 50 1 51. 26 0.92 0,82 1.9773 1 El<27 1.6577 1 57. I.9690 147, 27 0.9 1 0.5 1 I.9664 143,28 1.6236 141. I .9639 1 44. 28 0.9 1 C.80 1.9572 1 45.29 1.617? 149 . 1 . 9 (9 1 141. P9 0.9 2 0.79 1 .9(06 142.30 1.5797 1 44. 1.9541 1 39. 30 0.92 0.73 1.9443 1 40.
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TABLE A * 10
3D
CA> C R T F C * E  
EKF
O P E N - L O O P  * 
S I M U L A T I O N
7 8 9 IP JI IS 13 14 15 16
3 STATE!S)
1-1-1 2 4-1
1 PAPAMETE0!S) I CONTROL!S>
estimationAVERAGE ACTUAL TIMES
DIAGONAL EL Dl ENTS STATEWEIGHT PROCESS MEASUREMENT NOISE NOISE0.25P00E 00 0.4PeC0E 01 0.250FPE 00 P.40CPCE 01 0.2S0eKE 00 P.EC0PCE 00
AVERAGE RESULTS OF 100 P.VNS
CONTROLS TCI 20*00 21*U 24*39 29*26 35. CD 4e.74 45*6145.8652.0048.86 45,61 40.7435.0029.26 24. 3921.1420.0021.14 24,3929.2635. ne• 35.0035.00 35.0235.0035.0035.0035.0035.0035.00 35. oe
RESULTS FROM TYPIC/U. RUN
!!F.A
24.03 20* 19 25. 10 24* I t 26*41 32. 14 33.25 36.28 39.64 43*5742.33 44. 6243.96 37.4535.1436.9733.1531.1534.34 29.90 30.88 30.37 35-9434.35 35*1237.63 34.14 36.79. 38.3036.64 ,35.03
M’TIEMTS TCO 20.60 21 .76 22*01 26.21 30.0233.37 42.3243.38 48.5246.3845.5643.5740.38 36.04 29.3727.09 23.74 23.65 25.31 25.20 29.25 33.14 33.49 34. 55 37.06 38.68 30.8 633.1033.4236.43 36.13
ITERATION T TCO CA* CF.TFC ITEP-ATION T TCO CA* “T TCO CA0 0.00 0.00 0.00 -2,9865 0 24.03 20.60 31.82 24.03 20.60 31.82 .1 -0.25 0.19 0.C1 -2*9643 1 22.67 20.40 32.C7 24.03 20.60 31.822 -0.32 0.15 0.03 -2*8203 2 23.89 21.41 3Z.06 24*30 21.M 31.603 -0.15 0. 10 0.03 -2*7018 3 24.84 24.43 31.98 25.26 24.51 31.684 0.12 0.06 0.02 -2.7379 4 26. 54 28.88 31.65 27J 12 2B.92 31.335 0.52 0.01 -C.P4 -2.5634 5 29.45 34.0 5 30.59 29.84 34.20 30.626 0.86 •-0.00 -0. 15 -2.0999 6 32.46 39.70 29*76 33. 19 39.58 29.477 1.06 0,02 -C.29 -1.6r43 7 35.91 44. 14 25.23 36.80 44.26 27.878 0.82 0. 06 -0.32 -0.9506 8 39.31 47.53 26.38 40.21 47.53 25.989 0.59 0.07 -0.30 -0.5788 9 42.70 48.71 24.25 42.98 48.92 24*0310 0.38 0.01 -0.25 -0.3793 10 43.8 5 48. C9 22.74 44.72 48.22 22.3011 0.27 -0. IB -0*21 -0.3221 11 44.51 45.49 21.44 45.21 45.54 20.9912 0.17 -0.23 -0.1B -0.3630 12 43.93 41.34 20.61 44.43 41.30 20.2013 0.00 -0.25 -0.14 -0.4373 13 41.84 36.23 20*32 42.44 36.13 19.9414 -0. 19 -0.27 -0.08 -0.4523 14 33.82 3C.92 20.51 39.63 30.84 20. 14IS -0.29 -0.24 -0,02 -0.3899 15 36.22 26.28 21.05 36.42 26.22 20.7216 -0.32 -0. 18 0.e2 -0.3126 16 34.79 22.95 21.65 33.30 22.99 21. 5317 -0.30 -0.07 O.OS -0.2482 17 32.08 21.71 22.51 30.75 21.63 22.5918 -0.23 0.08 0.05 -0.2OC4 18 31.47 22. 46 23.19 29.16 22.36 23.6319 -0.21 0. 18 0.07 -0. 1864 19 32.64 25. C1 24. CO 28.77 25.05 24.5720 -0.14 0.28 0.07 -0.1724 22 31.06 29.25 24.62 29.65 29.31 25.2821 •0.06 0.33 0.07 L0,1B10 21 32.23 34.33 25.03 31.66 34.48 25.6222 -0.05 0.02 0.06 -0. 1797 22 33.76 34*73 25. 03 33*16 34.71 25.6123 0.04 0.00 0,04 -0.1799 23 34.61 34.92 24.89 34.25 34.88 25.3824 0.03 -0.02 0.03 -0.1790 24 35.29 35. 15 24.64 35.04 35.00 25.0625 0.01 -0.01 0.02 -0.1785 25 36.0 6 35.33 24.31 35.62 35.09 24.7026 -0.02 0.01 0.01 -0.1782 26 36. 13 34.9C 24.07 36.03 35.15 24.3627 -0.03 0. GO 0.02 -0.1784 27 26.49 35.0 4 23.82 36.33 35.20 24.0528 -0.04 -e.02 0.02 -0.1781 28 36.91 35. 10 23.56 36.55 35.23 23.7929 -0.02 -0.01 0.02 -0.1749 29 37.03 35* 31 23*35 36.71 35.25 23.5630 0.03 -0.00 0.01 -0.1655 32 36.92 35* 30 23*22 36.82 35.27 23.38
RMSESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETERESTIMATES TRUE OP NOMINAL PARAMETERSITERATION T TCO CA* T TCO CA* ITERATION CRTFC CRTFCC 0.00 0.00 0.00 2.00 2.00 2.00 0 3.7500 0.76351 C.83 0.24 0.13 1.29 0.52 1.69 1 3.1 587 C.76352 C .70 O.20 0.20 1 *02 0.50 1.47 2 3.3607 0.76353 0.56 0.16 0.25 0.87 0.49 1.29 3 3.3334 0.76354 0.58 C. t 6 0.29 0.76 0.51 1. 16 4 3.4863 0.76355 0.66 0* 16 0.28 0.82 0.55 1.05 5 2.3572 C.76356 1.06 0.22 0.32 1.01 0.57 0.96 6 2.5258 0.76357 1.46 0.24 0.46 1« 19 0. 57 0.90 7 $.0418 0.76358 1.36 0.23 • 0.52 1.26 0,55 0.87 8 1.7808 0.76359 1.21 0.24 0.55 1.20 0-52 0.B4 9 1.0029. 0.763510 1 *C2 0.33 0.53 1.07 0.50 0.82 10 1.5693 0.7635. 11 0.76 0.25 0.49 0.86 0.53 0.79 11 1.6104 0.763512 0.43 C. 33 0.40 0.69 0.58 0.75 12 1.6698 0.763513 0.31 0.37 0.30 0.72 0.60 o.?e . 13 1.5071 0.76351« 0.64 0.39 0.19 0.91 0. 59 0. 72 14 1.0222 0.7635IS 0*94 0.41 0.1 5 1.06 0.56 0.74 15 1.1701 0.76351.07 0.31 0. 18 1.11 0* 53 0.77 16 2.0968 0.763S17 1.03 0. 16 0.24 1.08 0.50 0.61 17 1.8340 0.763518 0.93 0.15 0.28 1.00 0*49 P.84 16 2.3393 0.763519 0.78 0.24 0.32 0.86 0.49 0.66 19 2*2414 0.763520 0.54 0.36 0.32 0.76 0.50 0.66 20 2.2256 C.763521 0.36 0.42 0.30 0.67 0.52 0.8 5 21 2*1168 0.7635• 22 0.31 0. 1 5 0.26 0.66 0.49 0.83 22 2.1614 0.763523 0.2S 0. 12 0.22 0.65 0.49 0.80 23 2.1 570 C.7635, 24 0.29 0.11 0.16 0.65 0.49 0.79 24 2.1566 0.7635 «25 0.28 C. 13 0. 16 0.65 0.49 0.77 2S 2.1661 0.763526 0.27 0, 12 0. 14 0.65 0.49 0.77 26 2.1551 0.763527 0.27 0*13 0. 13 0.66 0.49 0. 76 27 2.1613 0.763528 C.29 0.13 0.13 0.66 0.49 0.76 28 2. 1826 0.763529 0.31 0.12 0.14 0.66 0.49 0.76 29 2.1740 0.763530 0.30 0.13 0. 14 0.66 0.49 0.75 30 2.1382 0.7635
RMSITERATION ESTIMATION ERROR CRTFC AVERAGE FILTER 5TANDARD DEVIATION CRTFC ITERATION T TCO STANDARD DEVIATION CA* CRTFC0 2.9865 3.0000 0 2.00 2.00 2.00 3.00001 2.9751 2.9803 1 1.29 0.52 1.69 2.98032 2.6 526 2.9494 2 1.00 0.50 1.48 2.96103 2.7413 2.9316 3 0.65 0.49 1.31 2*9 5344 2.7826 2.9213 , 4 0.78 0.51 1. IT 2.939T5 2.6871 2,8411 5* 0.8 5 0. 54 1.06 2.83936 2.4334 2. 598 5 6 1.09 0.60 0.97 2.49397 2. 1717 2. 1625 7 1.23 0.56 0.91 2.06838 1.5771 1.7830 8 1.27 0.53 0.86 1.69C49 1.2106 1.4973 9 1*20 O.bO 0.85 I.435910 1.C853 1.3413 10 1.06 0*49 0.82 1.290811 I.C413 1.2744 11 0.88 0* 50 0.79 1.226912 0.9726 1.2495 12 0.72 0*52 0.76 1.210213 0.9696 1.2131 13 0.68 0* 54 0.73 1. 198614 0.9693 1.1253 14 0.82 0.56 0.72 1.1474IS 0.6971 6.9969 IS 1.02 0.56 0.74 1.035016 0*8 I 50 0.8699 16 1.10 0.52 0.77 0.911t17 0.7040 0.7708 17 1.06 0.50 0.80 0.817718 C■6 362 0.7055 16 0.99 0.49 0.83 0.753619 0.6C86 0.6694 19 0.90 0.49 0.64 0.715220 0.5891 ,0.6540 20 0.80 0.49 0.85 0.696521 0.5964 0.6497 2) 0.72 0.50 0.84 0.690322 0.S901 0.6492 22 0.6V 0.49 0.83 0.688623 0.5852 0.6491 23 0.68 0.49 0.81 0.688324 C.5342 0.6490 24 0.66 0.49 0.79 0.688125 0.5345 0.6489 25 0.63 C* 49 0.73 0.688006 0.58 30 0.6489 26 0.66 0. 49 0.77 0.687727 0.59 44 0.6487 27 e.68 0.49 0.77 0.687428 0.5845 0.6482 26 0.6G 0.49 0.76 0.666929 6.5893 D.6475 09 0.69 0.49 0.76 0.686330 0.56 52 0.6466 33 0.69 0. 49 0.76 0.6855
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TABLE A. 1 1 RESULTS F?:OM TYPICAL RUN
3 D
T > C R T F C >  E 
EK F
O P E N - L O O P
S I M U L A T I O N
3 STATE!S)
AVERAGE ACTUAL TIMES
-I I 1-1-1 2 5-1
2 PARAMETER!S> 1 CONTROL!S)
PROCESS MEASUREMENT NOISE NOISE0 « 2SCOPE 0(3 O.4PCC0E Cl O.2SPP0E OP P.APOPeE 01 O.2SO00E 00 0.OO0OOE 00 P.O000OE 00
ITERATION T* TCO CA0 0.00 0.00 0.001 -0.35 0.16 0.392 -0.57 *0.1 5 0.953 -0.49 0. 1 3 1.124 -0.16 0.05 1.27S 0.39 -0.03 1.346 1.12 -'0.09 1.207 1.91 -0.12 0.928 2.63 -0. 16 0.609 2.98 -•O. 18 0.3610 2.B5 -0.02 0.3011 2.51 0.09 0.1212 1.66 0.19 0.2213 0.53 0.26 0.4214 -0.67 C. 31 0.611 5 -1.79 0.33 0.8316 -2.55 0.27 1.0017 -2.84 0.19 1.1118 -2.78 0.13 1.2419 -2.23 0-07 1.1620 -1 .56 0.06 1 .0721 -0.68 0.09 0.9222 -0.51 -0.09 C.8I23 -0.29 -O.DI 0. 6824 -0.17 -0.01 0.5125 -0.12 -0.01 0-4226 -0.12 -0.00 0.4027 -0.12 0,00 0.3728 -0.12 0.0! 0. 3029 -0.13 0.03 0.26*30 -0.1 4 0*05 0.24
RMSESTIMATION ERRORITERATION T* TCO CAC 0.00 0.00 0.001 0.3? 0.21 1.9C2 0.57 0. 19 1.853 0.50 C. 18 1.794 C. 19 0. 13 1.8 SS 0.40 0. 14 1.756 1.13 0,20 1*557 1.95 e-24 1.268 2.70 0.23 0.929 3.09 0.18 O.BOIC 2.99 0.13 0.7911 2. 62 0. 1 6 0.7012 1.77 0.26 0.7!13 0.63 C. 34 0.69J 4 0.72 0.42 0.7915 1.B7 0.43 0.951 6 2.70 0.38 1.1 117 3. 14 0.29 1.2513 3. 15 0.20 1.4119 2.64 0.14 1.392C 1.94 C. 23 1.3421 1.12 0.31 1.2122 0.65 0.19 1.0523 0.39 0.12 0.8924 C.26 0.13 0.7225 0.20 0.1 1 0.6426 0.20 0.12 0.5927 0.20 0.12 0.5328 0.23 0.12 0.522? C.25 0. 12 0.5030 0.27 C. 1 3 O.SI
P-MSESTIMATION ERRORITERATION CRTFC E0 2.9865 6934I 2.9600 177 52 2.9101 1306,3 2.8174 10044 2.7701 826,S 2.8397 69 46 3.OE10 5907 3. 3T31 517.8 3.5925 475,9 3.706? 465,10 3.6727 468,1 1 3.807 6 456.12 3.8 4C9 451,13 3.8123 44114 3.7910 4181 5 3.6986 391,16 3.50 1 5 353,1? 3.2361 3)6.18 2.9966 239,19 2.6373 253,20 2.3456 22 5,21 2.0798 203,22 1 * C 667 189,23 1.7204 174.24 1.62 13 156.25 1. 560 5 146.26 1.5399 136.27 1.4923 131,23 1.48.M 122.39 1*466-2 116.32 I. 4 432 114.
AVERAGE RESULTS OP 100 RUNS
6734. 1678. 1244. 9 53* 776. 655. 556. 488. 453. 444. 450. 437. 433. 423. 400* 372. 334. 294. 266.' 226. 198* 172. 157.I 43. 124. 113. 108 • 103. 93. 06.
AVERAGE FILTER STANDARD DEVIATION TCO2.00 1.69 1.49 1.31 1. 12 1.05 1.241. 581.87 2.001 .95 1.72 1.38 1.020.901. 111.46 1.751.87 1.771.47 1.08 0.91 0.84 0.8)0.800.790.800.800.820.83 C
AVERAGE FILTER CRTFC 3.0000 2.9935 2.99 10 2.9896 2.9802 2.9545 2.9078 2.0360 2.7396 2.6320 2.53202. 4 5232 . 39 52 2.3533 2.3184 2.2782 2.2349 2.1769 2.1094 2.0277 1.9399 1-8538 1.0118 1 .7879 1.7741 1.76*8 I •7604 I.7 564 1.7531 1.7500 I.7463
2.00 2.00 1.99 1.56 1.34 1.21 1. IS
0.51 0.50 0.52 0. 55 C. 58 0.57 0.54 0.51 0.49 0. 50 0.53 0.56 0. 58 0.59 0.56 0.53 0.50 0.50 0. 53 0.58
1.07 I .OS1.051.05 1.02 0.96 0.90 0.84
0.920.940.95
0.50 0.380.49 0.85
0*49 0.80
0.49 0.78
STANDARD DEVIATION E7071.633.480.398.351.318.292.270.254.242.235.230.225.221 •216.210.203.195.183.181.175.170,165.161.157.1 54.1 50.147.144.I 41.J 39.
38
STATET*24.0324. 13 24.7625. 65 27. 16 29.32 31.98 34.67 37. 31 40.2 5 42.5543.62 42.37 42. C2 43.47 33.42 35.71 32.92 3C.C9 29. 40 32.18 32.01 33.46 34.4435. 1135.6236. IC 36. 42 36.66 36.75 36. ec
TCI27.3021.1424.3929.2635.00 40.74 45-61 43.86 EC. CO 4e.3£45. 61 4C.7435.0029.2624.3921.1420.00 21. 1424.3929.26 35. 0035.0035.0035.00 35.S0 3S.C035.0035. eo35.0035.0035.00
E5TIMATES TCO CA 20.60 31.8220.17 32.B521.49 31.6624.34 31. 5923.34 31.0634.41 29.7339.76 29.3744.41 27.4947.69 26.0449.06 23. 5243.09 21.3545.47 19.9741.19 19.1235*55 19.0037.15 18.882S. 8 5 19.4623.C4 2e.3S21.57 21.6722.66 23.3425.03 24. 1929.18 24.7834-14 24.8734.9 1 24.6634.9? 24.5235-02 24.6535.21 24.8635.05 23.6935.23 23. 1635.34 22.7835.26 22.9335. 16 22.96
PARAMETER ITERATION CRTFC0 3.7 5031 4.09182 4.02673 3.92224* 3.82105 4.21206 4. 58807 4.33218 4.57339 3.810710 3.07491! 2.024112 2.925313 4.061214 4.796215 4.443416 3.303617 2.444518 1*004719 0.875420 0.973521 0.921022 1.151223 1.086724 0.894625 0.706226 0.864327 0.893028 0.887629 0.822630 0.7938
ITERATION T*0 2.001 1.692 1.493 1.314 1.145 1.076 1.217 1.488 1.769 1*9010 1.8911 1.6612 1.2413 0.8?14 0.8015 1. * 516 1*5)17 1.0618 2.0419 1.9320 1.4721 0.9422 0.7723 0.7424 0.7 425 0-7 426 0.7427 0.7 520 0.7729 0.7930 0.0 2
ESTIMATESE40000.45662.45878.461 9 3*‘ 46350. 46368. 46579. 46544- 46594.46 50 3. 46440. 46414. 46416. 4640 1 . 46369* 46433. 4>517. 46606. 467 1 3. 46727. 467 34. 46723. 46716. 46727. 46774. 46838. 4677 3. 467 53. 467 40. 46768. 46736.
24.0324.03 24. 30 25.26 27. 12 29.84 33. 19 36.0040.21 42.93 44.7245.21 44. 40 42. 44 39.63 36. 42 33.30 30.7 5 29. 16 28.7729.6531.66 33. 16 34.2535.04 35.62 36.03 36. 33 36. 55 36.71 36.82
MEAri'^FMEJTrTCO CA 20*60 31.8?14.76 32.9322.41 32.2(123.37 33.3723.21 32.4336.50 29.7939.64 32.2043.74 26.9947.16 26.9749.82 21.4945.84 19.6444*96 19*0240.85 19*2931*14 19*0526.35 18.6T26*7? PI.59 27.34 22.3222.03 24.6127.54 26.5826.18 24*7230.54 25.2233.19 24*2737.49 24*3934.98 25*0535.08 27.1237.10 28.2933.26 20.07*35.65 21.9636*97 21.97*35.19 24.7433*48 24*24
•TRUE STATES TCO 20.60 20-60 21 -61 24.51 23.92 34.20 39.58 44*2647.53 49*9 348.2245.5441.30 36*13 30.8426.22 22*99 21.63 22.36 25*0529.31 34.48 34.7134-8835-00 35.09 35. 1535*2035.2335.2535.27
CA31*8231*8231*8031*6831*3330.62 29.47 27.8725.98 24.03 22.3020.99 20.20 19.94 20. 14 20.72 21.5822-5923.63 24.57 25.28 25.62 25.61 25.33 25.06 24.70 24.36 24.05 23.7923-56 23.38
TRUE OP NOMINAL PARAMETERS CRTFC 0.7635 0.7635 C.7635 C.7635 0.7635 C.7635 0.7625 C.7635 0.7635 0.7635 0-7635 0.7635 C.7635 C.7635 0.7635 C.7635C.7635 0-7635 C.7635 0.7635 0.7635 e.7635 C.763S C.7635 0-763S 0.7635 0.7635 0.7635 C.7635 0.7635 0.7635
46934* 46734. 46924. 46924. 46924. 469 34. 46924. 46924. 46924. 46924. 46934. 46934. 4 69 24. 469 24. 469 34. 46924. 46924. 46934. 46924. 46924- 46924- 469 34* 46934. 46924. 46934. 469 24. 46934. 46934. 46934. 469 34- 46934.
TCO 2. OC 0.530. 50 C* 50 0. 51 C. 54 0.55 0.55 0.53 0. 51 0.49 C. 50 0.55 C. 60 P.. 57 0.55 0.55 P. 54 0- SI 0. 50 0. 58 0.6< 0.51 0.49 0.49 0.49 0. 49 0-49 C. 49 0. 49 P. 49
STANDARD DEVIATION CA CRTFC E3.OC0O 2.993S 2.9917 2.99C6 2.9827 2.9605 2.9250 2.8701 2.7884 2. 69 31 2.6016 2. 5269 2-4653 2. 41 41 2.38 52 2.3574 2.3126 2.2449 2.1624 2• 06° I 1 .9 562 1-3535 I« BI 89 I.8251 1.7995 1.7971 1 • 79 56 1.7945 I.7922 1.79 1 5 1 , 7tl9 4
2.00 1.99 1.56 1.34 1*21 1. 12 1 .C7 1-051.041.04 1 .01 0.95 0.88 0.82 0.79 0.79
0.9 3 0.96 (1.96 0.92 0,07 0.83
0.77
707 1 • 68 2. 480. 399. 352. 319. 293. 271. 255. 243. 235. 229. 225. 22C. 214. 208. 2CI. 193. 166. 180. 174. 169* 165. 161,
288
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TABLE A . 12 RESULTS FROM TYPICAL Pin
3 D
C R T F C , E  
MGSOF  
O P E M - L O O P  
S I M U L A T I O N
91211 15 13 14 15 16
3 STATECS) 2 PAPA’JF.TETCS) I CTJT-JLC?)
ESTIMATI Q*JAVERAGE ACTUAL TIMES CO.JT^TL1.72
moisf miss0.25OCPE OO P.400POE PI P.25PP0E PO P.40OPCE PI P.25O00E RP P.40PPCE PIo.crcppE ee c.crcccE ro
AVEPAGF RESULTS OF 1P0 RUMS
o.oo -n.i9 -P.33 -0.27
0.02 -C. 1 I
-R.27 -0.26 -0.2 I -0. 1 I -0.07 -C.06 -0*06 -C.02 C.00 0.00 -0.04 -0.06
TCO
o .e o  P. I 5 0.12 -o.eo -0.P7 -0.17 -C. 19 -0. 1 5 -0. I I -0.06 0.00 0.02 0.06 0.C7
e . to 6*110.03 0. 04 0.040.03-0.01-0.03-0.01-0.03-O.Cl-0.020.020.00-0.01-0.020.03
AVEPAGE PI AS CA CFTFC C.CO -2*9365 C.22 -2.9742 0,06 -2.9360 0.11 -2.B37S 0.17 -2.8437 0.14 -2.6543 P.OS -2.2343 -P.06 -1.7363 -P.24 -1.3262 -0.06 -1.C912 -0.06 -0.3169 -0.03 -0.7462 -C.C7 -0.7449 -0*22 -0.7S63 -P.00 -0.67'!6 (l.r.3 -0,6222 0.05 -0.4365 0.05 -P.3932 0,04 -P.3476 O.OS -0.3368 0.09 -0.3251B. C 5 -0.3138C.P4 -0.3134 0.E5 -0.3126 0.00 -R•3078 0.02 -0.3P73 C.EP -P.3067 0.01 -O.3050 C.Ol -C.3061-0,0-1 -0.3066 0.03 -0.3112
69 34, 249. 107. Bl.
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION
2.9S6S 2.9369 2.9664 P.9059 2.S349 2.7£s9 2.5533 2.1042 I•30 371.(044I • 22 >9 1•I 363 1.1056 1.C997 1. I 274 C.93d6 r.a(S2 0.7647 c «7 r f l P.C243 0.6 119 0.6009 
O.tPlP r*frrr C. S?i-7
6934.813.520.362.306.
024. 192. 172. 167. 163. 153. 143. 146. 141. 133 • 1C4. 133. 121. 116. 115. 114. 112. I“ . 105.ire.
AVERAGE FILTER STANDARD DEVIATION CrTFC 7071.844..0000 .9784 £.9470 2.9090 2.9051 2.8667 2.6472 2.2644 I.87(6 1 . 5899 1.4243 I.3544 I .3396 1.3191 U2375 1.0-967 0.9503 0.8350 P.7578 0.7142 0.69 51 0.6398 0.6883 P.68 77 0. 65 7 4 T. f.f:73 0.65 70 r.68Ip 0. f 8 6r- i . Cj» 57 0. 68 46
552* 431* 362. 316. 233. 257. 236. 221. 889, 200. 192. 186, 180. 175. 1 70, 1(6. 162. 159. 156. 153. tffl.147, 14 3.148. 137.
CTlT-TLf MFAM**- jr-jT rITERATION TTt TCO FAfr 2'*. 03 31 .3?1 E 1. 14 P" . 64 PP.^ R n". e-72 24*2? ?*.0A 33. 5P3 or .I’r, 33.9*4 35*70 T 6.8? ?"»• Rc 34. "9£ 40.74 29.79 33.79 30. 196 45-61 34.74 40*85 P6.96T 48.36 34.89 4P.P6 27.243 33.30 47.46 ? 5* 109 43-3 6 33 . 46. 49. an 19.43IC 4S*ei 43.31 49.14 23*2011 42*74 50. ^ 3 46.75 PI. 331? 25. CO 4 6.93 46.3 5 23. 1913 29*26 44.03 36.75 21.111* £4*39 44, U P? .92 18.8315 21* L4 39.67 25.47 £0.7716 20.00 33. 53 23.44 23. 6711 21*14 33.23 £5.68 20. 6413 24.29 as. 43 P3. 18 21 .5619 29.26 3C.99 23.70 24. 442? 35. EG 31. 39 P7.59 26. 1721 * 35-ze 3P.P6 3t .27 25. 4122 35,00 31 .CJ» 33.17 31.0023 35.CC 33.93 36.09 26.9124 as. co 33. 13 22.52 27. 5125 35.02 31.32 25.94 21.94-26 3s.ee 33.93 33.95 PI. 4927 25*00 37.35 37.22 23.8823 35*00 40.64 35.54 PI. 1629 25.CC 35.04 31.51 23.2030 35.CC 37.10 ‘ 32.07 21.55
STATE ESTIMATES TPUE STATESITERATION T TCO CA T. TCO CAe 24*0 3 20.6Q31.82 24.03 PC . 60 31.82i 22.SC 20.47 32*37 24.03 PR. 60 31 .822 23.94 21.40 33*02 24, 30 PI.61* 31.80a 25. 04 24. SS 33.37 25.26 P4.51 31.684- 26.75 £3-99 33.46 27.12 £5.92 31.335 £9.32 34*30 31.95 29.64 34.20 30.626 33-0 1 39*73 29.62 33- 19 39.53 P9.477 36-C 5 44.23 27.89 36.80 44. ?6 27.878 39.12 47.65 25-83 40.21 47. 53 25.989 40.94 49.25 23*22 42.93 48.92 24*0310 42. 9 5 4o *2 6 22-S4 44.72 43.22 PP.30 «1 I 45.10 45.56 20.65 45.21 45. 54 20.9912 44.76 41.61 20*27 44. 40 41.30 20.2012 43.02 36.13 £0.02 42.44 36.13 19.9414 40.33 30.71 19-66 39.63 30.34 2G. 1 415 37-94 £6.02 20.31 36.42 CC. 22 20.7216 24.43 ££.93 81. SB 33.30 22.99 21. 5317 3S.41 21.31 Sr. 82 30.7 5 21 .63 22.5913 £5.52 ££.41 22.97 29.16 2P* 36 23.631? £9.45 £4.99 £3-9 6 £3-77 25.05 24.57£C 30.29 £5.29 £4.38 29.65 29.31 25.2621 32.02 34.33 25.25 31.66 34.43 25.6222 33.2 3 34.64 26.20 33. 16 34.71 25.6123 34. 11 34-9 4 26.05 34.25 34.83 25.38£4 34*76 34.82 2 5-9 6 35.04 35. PR 25.0625 34.99 35.C8 25.02 35.62 35.09 P4.7e26 35. 44 35. 03 £4-26 36.03 35.15 24.3627 36.14 35. £6 23.99 36.33 35-20 24.0536.93 25. £5 22. 32 36. 55 35.23 23-79529 26.77 35.0 4 23. 17 36.71 35.2S 23.5622 36.92 35.03 22.63 36.82 35.27 23.38
ceati on T TCO CA T TCO CA 1TERA1c 0.0 0. C.OC O.DP 2-00 2.00 2.00i 0.62 C.21 1.92 1.29 0.52 1.99 12 C.7 5 0.17 1.54 . 1.02 0.50 1.57 23 0,66 0.14 1.20 0.87 0.49 1.37 34 C. 46 C-1S 1.08 0.78 0.49 1.25 A£ C.51 0.22 1.02 0.31 0.51 1.16 56 0.56 C.26 0.90 0.99 0.53 1.10 67 1.08 0.22 0.87 1.16 0.53 1.06 7a 1. 22 0.19 Q.S0 1.22 0.52 1.02 89 1*27 e. I 5 C.B1 1. 17 0.50 0.9B 910 C.93 0.12 0.82 1.04 0.49 0.93 1011 0.7 1 C.14 €.71 0.86 0.49 0. SB I!12 C. 43 C, 13 0.64 0.70 0. STl 0.83 1213 C. 27 C. 20 C.6C C.72 0. 52 0.80 1314 C.61 C.24 e.56 0*90 0. 53 P. 79 1415 c.as 0.22 0.55 1.07 0.52 0.80 1516 e.,9 6 0. 13 C, S3 1 .13 . 0.S1 0.81 1617 1.C3 C.16 C. 56 1-C9 P. 50 C.8! 17la C.92 0.13 0.62 1.01 0.49 0.82 IB19 0.72 C.13 0. 57 0.08 0.49 B.82 1922 0.56 0. 13 R. 56 0.76 0.49 0.82 20£1 0-36 e.i 4 0.53 0.67 0* 50 0.81 2!22 0.34 0.15 C. 56 0.66 0. 49 0.80 2223 ' C. 28 C.13 0.54 0.66 0.49 0.79 2324 0..3C 0. 1 1 0.53 0, 66 0.49 0.70 24£5 C, 33 C.l 1 e.49 0.66 0.49 0.78 2526 0.23 C. 12 0.50 0.66 0.49 0.77 26£7 0.27 0. 12 0.45 0.66 0.49 0.77 2723 e.2 5 0.13 0.52 0.66 0.49 0.76 28£9 C* 2? r. I 3 0.52 0. 66 0.49 0. 76 29ar 0.30 C. 13 0.50 0.66 0.49 0. 75 30
3.7 500 3. 1 52 4 3. 4262 3.4063 3. 4212. 3. I 154 1.7946 2.3286 2. 3017'3.09 402.9 326 1.7479 1-4876 I.5339 1. 5703 2.0837 I •64901.8 490 1. 1 524 1.3279 1. 3 524 1.3074 1.1643 1. 1547 1. 1432 I. 1 592 1. 1 658 1. 1 63 5 1.2024 1.1898 1.2C-59 •
2.00 1.29 1.00 0.85 0.77 0.8 4 1.03 1.25
40000* 468 ^6* 47122. 47254. 47350• 47162* 46944* 46391* 46844* 46647. 46699.467 59 * 46355. 46888 * 46802*468 59.469 14* 46384. 46369. 46576. 46897. 46900. 4C930. 4699 5. 47C2C* 46969. 46925. 46924. 4689 5. 46394. 46878.
TRUE 9^ :JOYINAL PARAMETERS CRTFC E0.7635 C.7635 2.7635 C. 7635 0.7635 C.762S e.7625 0*7635 0.7635 C.7635 0.7625 C *7(35 C.7C35 C«7625 Z.763S 0.76350,7635
0.7635 0.7635 C.762 5 0.7635 e.7635 P.7635 0.7635 0.7635
46934. 469 24. 46924. 46934. 46924. 46924- 46924- 46924* 469 24. 46934. 46924* 469 24* 46924- 46924. 469 24. 46734. 463 24. 469 24 » 46924. 40924. 46924- 46924. 46924- 46924. 469 34. 46924. 469 34. 46924. 46924. 46924. 46934.
0.510. 53 0.54 0.51 0. 50 0. 49 0.49
1.25 1.16 1.0 4 0.89 0.720.70 «.C7 1.041. R8 1.07 0.99 0.88 0.490.77 0.49P.C8 0.49
STANDARD DEVIATION CA CPTFC E3.0000 7072.9784 542.9»7"T 552.9456 2.9437 2.8643 2.6C26 2.1238 I.7331 1.4770 I.3321 1.2626 1.2477
2.00 1.99 U57 I .37 1.25 1, 17 1.1! 1 .0.7 1 .0.2
434.365.319.28 5.
0.920.830,330.BC 1. 362
0.52 0. 50 0.50 (1. 49
0.79 1.17320.80 i.tsrca.80. 0.9334C.ai 0.5303 0.7585 0.7175 G.6983 C.6925 0.6908
0.620.820.81
23-3.
pis! 20! . 194. 167. 151. 176. 171 , 167. 163* 160. 157.
1 47. 144. 14).0.78 0.09?4. 77 C • •*599 0.7C- 0.68570.76 0.(8903,7 5 C•6c S1
2 8 9
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TABLE A . 13 PESILTS Km
3 D
C R T F C , E  
I  EF S
O P E N - L O O P
S I M U L A T I O N
♦tFArrrrirN+f
7 8 9 IP 11 12 13 14 IF 161 -1 -I 2 6-1
2 PAFAilETERCF) 1 CT’TriLC?)
AVERAGE ACTUAL TIMES
PROCESS I lS A f lT E ir iT  noise ” noise" 
P .250-P0F PR r* 4 ? C 'T E  C l
e . a s c c r s  r o  p . ^ r r c r  n  
0 .2 5 c r e s  ro  c . 4 r r c 0 F  c i  
p.ccrcce cc 
B.CEOCCE cs
AVERAGE RFSVLTF OF 1PP "VMS
PI. 1424.3929.26 35.C3 43.74 45.61 45.56 SC.CG 45.86 45. Cl 4?.74 3 5. C?29.26 24.29 21.142n.ro21*1424.3929.26 3 5. SR 35.0R 35. CC 3s.ce 35.ee 35*30 35. RC- 25.C0 35. ec 35. ee 35. RO
T TCO o.oo e.p.o-0.2 5 P. 19 -0.41 0.16-r.33 O.lf -0.03 • 0.07 0.36 0.CC 0.64 0.050.7C C.120.62 0.12 0.53 0.050.32 -B.P3
0 .1 4  - 0 .2 3
P .03  -C .2 8
- e .0 4  - 0 .3 0
-C .1 2  -C .P 3
- 0 .1 3  -0.12 -0.1 1 
- 0 .1 3  -0.12 -C.07 
-C .D 5  -0.05 -0.06 -e.es0.G1 C.£2 0.01 -O.0C-0.02 -0.02 -C.e4 -C.C2
- 0 .0 6  0 .0 2
-0.17 -0.07 0.08 0.21 0.29 C« 33 0.02 -0.03 -0.01
AVERAGE PI AS CA CRTFC O.PO -2.9065 0.31 -2.9792 0.22 -2.9003 0.23 -2.8001 0.34 -2.8323 0,30 -2.5563 0.17 -1.9512 C.04 -1.2864 r.T7 -0.3261 0.06 -C« 6093 0.C5 -0.3795 C.08 -0.3503 0.02 -C« 37 51 0.05 -0.2915 C.C5 -C.32Q2 C.C7 -0.2822 (1.07 -0,2034 0.C7 -0.J49S C.C5 -0.11 BO e.C9 -0. M94 0.F8 -C,1133 0.06 -0.1197 P.CO -C.1194 0.07 -0.1137 0.03 -C.1153 0.04 -0.1163 0.03 -C.1164 0.F4 -P.1 I 57 0.04 -0.1172 R.02 -0.1182 F..F.5 -O. 1223
6934.474.273.215. 180. 142. IPS.3C.
21.21.
15-
RMS ESTIMATION ERKOP. AVERAGE FILTER STANDARD DEVIATION
26.02 26.0326.35 29.3529.79 33.7934.74 40.3534.39 42.0633.30 47.4633.46 49,3043.81 49.1450.53 46.7546.93 46.8544.03 36,7540.14 29.9?39.67 25.4733.53 23.4433.23 25.0325.43 23.1330.99 23*7031.39 27.39 32*H6 31*2731.03 33.1733.98 36.R933.18 32.5231.32 35.9433.93 33.9537.85 -37.2240.64 35.5435.C4 31.51 37.10 32.C7
33.52 33.9? 34.09 30. 19 26.96 27.2425. IB 10.4623.2021.33 23. 19 21*1118.33 20.77 23.67 2F.64 21 • 56 24.4426. 17 25.41 31 .C0 26.9127. 51 21.94 21.49 23.83 21. 1623.20 21.5S
7EPA7I0N T TCO CA T TCO CAe 24..03 20,.60 31..82 24,.03 22,► 60 . 31.821 22*83 £C,43 32..26 24. S3 20..60 31.822 24.• C3 21.35 33..05 24..30 21.► 61 31.303 25.39 24.44 33..51 25,.*26 24.. 51 31.634 26.75 23.■ 56 33..71 27.. 12 23,>92 31 *335 29..17 34.1 5 31..93 29,.64 24,.20 30.625 Je.62 29,50 29..27 33. 19 39,► 53 29.477 35.• 30 44.C6 27,. 52 36..30 44,► t?6 27,878 23..94 47.43 25. SI . 40.► 21 47,.53 25.989 42.► 79 43..97 22.68 42..93 43,.92 24.03*IC 42.■67 43,,23 21,► 62 44,72 43,► 22 22. 301 1 45.■ FS 45.71 2F,► 34 4 3.• 21 45-► 54 20.99IE 44,.72 41.87 2G«► e6 44.. 40 41.. 30 20.2813 4c..95 46 19..85 42.44 36.. 1 3 19,9414 42,.23 31-03 19.► 69 39.63 33..84 20. 1415 27,5 6 EC.23 2C i► 15 36.i 42 26-■ 22 20.7216 34,37 23*14 21.► 39 33..38 22,,99 21 . 5317 32,.23 21..90 21..90 30..75 21,.63 22. 5913 29,42 22.< 36 22,.36 29.16 22,.36 23, 6319 23..35 24,3 3 23.. 36 28..77 25..05 24.572c 22«• EC 29*r.2 24.>68 29,65 29..31 25.2B21 21.97 34.C4 25.17 31,.66 34,• 48 25.6222 33,31 34.59 26.. I 5 33.16 34.,71 25.6123 24.1 1 34.9 3 26.■ CO 34..25 34..88 25.3324 34.72 34.32 25,► 91 35..04 35,► 00 25.0625 34.99 33,07 24.► 95 35..62 3*.,09 24.7026 35.44 35.01 24..17 36..03’ 35,, I 5 24.36.27 36.1 4 35.26 23.► 91 36.33 35,.20 24.0523 36.91 35.26 23.• 23 36,- 55 35.,23 23. 7929 36.75 35.04 23..09 36.71 35*25 23. 563C 36.9C 35.07 22.► 75 36..32 35.?7 23*33
ITERATION 7 TCD CA T TCO CA ITERATION CRTFC E M>U^ 'J ' fj.lCRTFC .. . «•0 c.rc C.oe C.03 2.00 2.00 2.ee 0 3.7SCO 40OSO. 2.7625 46924*1 0.34 0.23 1.36 1.29 0.52 t.97 1 3.2922 46651. C.7635 46934*2 e.sc 0.22 1.66 1.02 0.50 1.63 2 3. 5341 47195. E • 7635 469 34*3 0.6 9 0.17 1.31 0.87 0*49 1.51 •3 3. 5643 47432. 0.7635 46924.4 r.47 r.15 1.25 tt.78 0.51 1.39 4 3.612) 4*»524. C.7635 469 24.5 C.53 C.IE l.CC 0.82 0.55 1.29 5 3.2261 47141. 0-76.25 46934.£ I.CO 0.34 1.01 1.04 0.61 1.22 6 1.7510 46769. C.7635 46?24.7 I.Cl 0.37 0.97 1 * 22 0.61 1.16 7 2-6 522 46727. 0.7625 4 69 24.6 . 1 * S3 C.26 0.68 1.26 C.57 1.10 6 2.0704 46688. 0.7625 46924*9 1*31 0.17 0,04 1. 19 0.51 1« 04 9 2.7928 46434* C.7635 469 24.10 0.9 4 C*13 0.34 1.04 B.,49 0.93 10 2.6346 46532. 0.7635 46924*1 1 r.7? 0.25 0.73 0.34 P.51 0.91 1 1 1-5699 46630. C.7635 469 34*12 C.42 G.35 C.66 0,69 0.55 6.86 12 1.1734 46776. C.7635 46924.13 r* S3 0.40 0.61 0.70 0.57 0.33 13 1.2233 4C02n. 0.7625 46924." 14 C.f fl 0,45 C.59 C.SB 8.58 P.82 14 1*3269 46789. C.7635 4 69 34.15 P. A 2 0.36 0.53 1.03 0.56 0.32 1 S 1.8058 46789. 0.7625 469 24.16 r*92 C.27 0.5S 1,0.9 P.52 0,02 16 1.4118 46360. C.7635 469 24.17 r.97 C.16 0.53 1.06 0.50 0.33 17 1.6181 46325. S.7635 46934.S3 0.3 6 0.15 G.64 C. 97 0.49 P.83 18 0.9936 46813. C.7635 46924.19 0.65 0-25 C.SB 0.86 0.49 0.83 19 1. 1537 46320. P.. 7635 46924.22 0.51 0.33 P.59 0.74 0.50 0.83 20 1. 1678 4 C-B 47. 0.7635 46924.21 C. 34 r.35 c.ec e.67 0.51 0.62 21 1.C9C3 468 52. C.7635 469 24.- 22 C. 33 0.15 C.57 0.65 0.49 0.81 22 6,9 68 4 46943. C.7635 469 24.S3 0.E3 0.13 0*56 # 0.65 0.49 0.80 23 0.9596 469 66. 0.7635 469 24.041 0.30 0.11 o.ss 0.65 6.49 fl.79 24 6.9 532 4699 6. 0.7635 469 34.26 C* 22 0.11 0.51 0.65 0.49 0.79 25 0*9739 4693?. , 0.7635 46924.f-6 0.05 0.12 0.51 0.65 0.49 0.78 26 . 0.9808 46891 . 3.7635 46934.27 0.26 0.12 0.49 0.65 0.49 0.73 27 0.9819 46891. C.7635 46934.28 C.25 0.13 0.52 0.65 8.49 0.77 23 1.0 1 58 46862. C.7635 469 24.29 0* S3 0.13 C.53 0.66 C.49 P.76 29 1.0C3C 463 61 . C.763S 469 24.3: • 0.29 0.13 0.52 0. 66 0.49 0.76 30 1.0 163 463 44. 0.7635 469 34.
r:is EFT 1 NATION ERROR AVERAGE FILTER STANPARR DEVIATION STANDARD DEVIATIONITERATION CRTFC E ' CRTFC E ITERATION T TCO CA CRTFC EC 2.9565 69 34. 3.0000 7071 . 0 2.00 2.0.0 2. CP 3.BCC0 7C71.1 2.9906 1256. 2*9806 1 460. 1 1*28 C. 52 1.97 2*9379 1 546.£ 2.9496 766. 2*9501 904. 2 1.00 C. 50. 1.66 2.9696 992*3 2.9137 48 5. 2.9317 653* 3 0.8 5 E. 49 I .SC 2.9607 723.4 2.5 77 5 422. 2.9220 510. 4 0.78 0.51 1. 39 2.95C3 572.5 2,7154 365. 2.8374 413. 5 6.84 C. 55 1.33 2.CEO? 464.6 2,4329 276. ?.5203 354. • 6 1. 12 C. 63 1.27 2.4482 336.7 1 .6 651> 235. 2.0546 309. 7 1-26 P.55 1.20 1 .9716 321.E 1 * 50 52 209. 1.6397 276. 6 1.26 0. 53 1.13 I-CC03 293.9 1.3421 197. 1.3725 252. 9 1*1 5 C.5C 1.05 1. 37 57 266.10 C.9964 188 • 1.2277 235, 10 1.03 C.49 e.98 !.2462 247.11 0.9333 175. 1.1666 222. 1 1 0.8 6 e.5P 0.92 1. 1895 233.12 C•9 1*2 167, I.1478 212, 12 0,69 0. 53 0.87 1,1759 222.1 3 0.9 I 61 164* 1.1244 209. 13 0.70 C. 57 0 .34 1.1544 212.1 4 0.9 531 157. 1*0583 196. 14 0.80 0.56 0.8 3 1 .0341 2C4.15 .?«& 174 151. 0.9362 189. 1 5 1.0 1 0. S3 0*62 0.9605 196.16 0.7 2 5*3 139. 0*8191 183. 16 i.rc C. 52 0.8 3 C.5C42 189.17 O.tfSF 132. 0.7267 1 73. 17 1.06 0.50 0.83 0. 770.8 13 3.15 T,5941 131. P.6A54 173. 18 0.98 0.49 C. 83 C•7C 57 178.19 0.6190 1?4. 0.6305 1 69 . 19 0.87 e.49 C« 8 3 0.667C 1 74.Cc 0.5103 1 S3. 0.6145 165. 20 0.7 6 o. sc F., 8 3 C.6493 170.21 C,S0€£ 120. n.fir^ r. 1 62. 21 0, CO 0.51 C.82 0.6428 166.22 0,5061 1 19. 0.6076 153. 22 C. 66 0. 49 C.41 0.6413 162.23 0.5072 1 1 5, 0.6071 154. 23 0. 6 5 P. 49 0.81 (!•. 6 VO 1 rB.24 0.5055 1 10. 0.60.09 IM. 24 0.6 5 0, 49 0.80 n.c4R6 1 5 3.25 0,50 n4 10 4. 0.0063 14 7. 25 ( . C‘ 0. 4r« t.. ■: •: 0. 64”'5 1 52.;t 0. c " 41 If 4- r«f c c-7 I#-A. 26 o.r.s 0. 49 0.7? 2. CVS 1 46.C 7 0*6,JJ I.V. 0.or<5 14-*. 27 6. 0 5 0. 4? 0.7 1 0 ,64;’ 5 1 4 *J * ’fs C , 60 17 1 iV . 0 , 1 V ( 1 1 33 ♦ 23 0.6 6 0 . 49 0.77 0.6402 1 40 *24 0 ♦ 6 0 ** 99. 0 * 60 S5 135. 27 C. 6 6 C. 49 0 • 7 u 0.639 7 137.3C C* 50 57 93. 0.6047 132. 30 P. 66 3.4? G. 76 e. 63*19 134.
INAL PARAMETERS
2 9 0
M O D E L :
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
R E M A R K S :
TABLE A - 14 RESULTS FROM TYPICAL FUN
2 D
C R T F C
EME
O P E N - L O O P  
S I M U L A T I O N
2 STATE! S>
1-1-1 I 3
1 PARAMETER! S) I CONTROL!S)
ESTIMATIONAVERAGE ACTUAL TIMES
STATEweight PFOCESS "MEASUREMENT" NO ISE NOISE
o .e e o o o E  oo c . s e o o o e  co
O .2S70PE ??
AVERAGE RESULTS OF 100 RUNS
ITERATION T TCO CA CRTFCC 0*00 0.00 -2.95651 0.03 0.00 -2.17972 0.00 0.00 -1.73633 0.00 0.00 -J.7C0S4 0.00 0.D0 -1.57375 0.00 O.CO -0.87826 0.00 0.00 -0,36177 0.00 0.00 -0.26098 0.00 O.CO -C.15C89 0*00 0.00 -0.107110 0.00 O.CO -0.034711 0.00 0.00 -0.086912 0.00 0.00 -0.095313 0.00 0.O0 -0.106214 0.00 0.00 -0.C96615 0.00 O.CO -0.070416 0.00 0.00 -0.061917 0.00 0.00 -0.056718 0.00 0.00 -C.052019 0.00 0.00 -0.053720 0.00 0.00 -0.053721 O.D0 0.00 -0.0553* 22 0.00 .0.00 -0.054723 G.00 0.00 -0.057324 0.00 0.00 -0.05792S 0.00 0.00 -O.0S8226 0.00 0.00 -0.T58427 0.00 0.00 -0.G58328 0.00 0.00 -0.058529 0.00 0.00 -0.057130 0.00 0.00 -0.0522s„idii : l .all I 1•JM LKimrt AVERAGE FILTERITERATION CRTFC CrTFC2 2.9865 3.00001 2.4420 2.63332 . 2.0931 2.48263 2.0320 2.47604 1.93 £7 2.23545 1.5352 1.67916 1.C350 1.15047 B.9C65 0.80988 0.6734 0.65689 0.5872 0. 591610 0.5761 0.5725It 2.5739 0.572012 C. 569 6 0.559313 0.5143 0.516314 0.4 £69 0.4564I 5 C.4E19 0.401216 C.358G 0.361417 0.3296 0.337618 0.3194 0.326517 2.3197 0.323622 0.3139 0.323621 €.3108 0.321122 0.3116 0.320223 e.3120 O.320024 C.3119 0.319925 0.3118 0,319926 C.31 11 0.319727 0.3119 0.319523 0.3123 0.319229 3.3140 0.318830 0.3119 0.3183
CONTROLS MEASUREMENTSITERATION TCI T TCO CAC 23. CO 24.03 31.021 21.14 23.07 32. 112 24.39 23.81 32.273 29.26 24.64 32. 544 35.00 26.52 32.365 40.74 30.02 31.296 45.61 33. 39 37.607 43-8 6 36.65 28.398 50. CC 40. 18 26. 559 49.8 6 43. 19 23*76*10 45.61 44.27 21.4311 40.74 44.71 20.0212 35.ce 43.89 19.4313 29.26 40.78 19. 4714 24.39 37.26 19. 6515 21.14 34.BO 20.8416 22. CC 33.31 22.031? 21.14 30.85. 23.4418 24.39 30. 53 25.0319 * 29.26 30.07 25.5620 3S.CC 30.94 25.8721 35. CO 32. 32 25. 5622 35. €0 34.33 25. 1723 35.CC 35. 13 24.8124 35.03 35.70 25.0225 3S.C3 36.60 25.4926 35. CC 36.28 23.6927 35.C0 36,62 23.0129 35. C0 37.19 22.5429 35.00 37. 16 22.8730 35.00 36.70 23.03
PARAMETER ESTIMATES TRUE OP NOMINALPAFAMETlITERATION CRTFC CRTFCa 3.7 530 0.7635I C.5272 0.76352 1-C322 0.76353 I-C296 0.76354 1-3880 0.76355 -C.C961 6 .76356 C.SI 27 0.76357 0.6746 0.76358 0-7629 0.76359 C.6SI8 0.7635IC C.7S92 0.7635il C.7628 0.763512 C.7 5C2 0.763513 0-4002 0.763514 0.0907 e.763515 8.2609 0.763516 C-67C3 0.763517 C-69 35 0.763516 €.8747 0.763519 0.5963 0.763520 0.9 01C 0.763521* C.9134- 0.763522 3.8923 0.763523 0.8922 0.763524 0*8920 0.763525 C. 8976 0.763S26 0-538 5 0.763527 0.5916 0.763528 0.9032 0.763529 0.9014 0.76353C 0.8864 0.7635
STANDARD DEVIATION CA CRTFC 3.C0G02. 6333 2*3178 2.3178 1.7219 1.3657 0.7620 0.6327 0.5227 0.4363 0.4752 0.4747 0* 4672 0.4443 C.4035 C.3572 6* 3237 0.3047 0.2957 C.2725 C.2924 0.2914 e.29ll 0.2911 0.2911 0.291(1 0.2907 0.2905 e.2903 0.2398 0.2894
2 9 1
MODEL:
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
R E M A R K S :
TABLE A, 1 5 RESULTS FROM TYPICAL RUN
2D
C R TFC > E 
EME
O P E N -L O O  P 
S I M U L A T I O N
2 STATE! S>
I -1 -I 1 3 -I
2 PARAMETER!S> 1 CONTROL!5>
AVERAGE ACTUAL TIMES
TRQCESS “MEASUREMENT" NOISE NOISEo.coc-pcE et! e.2scope eo e.eooonE co o.2S0Oce eo
AVERAGE RESULTS OF 10P RUNS
30
0.000.000.000.000.000.0O0.0C0.000.000.000.000.000.000.000.000.000.000.000.000.000.000.C00.G00.000.000.000.000.000.000.000.00
AVERAGE BIAS CA CRTFC 0.00 -2.9865 0.00 -3.1727 0.00 -2.8549 0.00 -3.2459 O.OO ?3.5443 O.CO -2.8100 0.CO -1.77 33' 0.C0 - I»2063 0.00 -0.85630.00 -e.7222 0.CO ,-0.669? 0.00 -0.6471 0.OC -0.S32C C.00 -C•4540 O.CO -C*3032 0.00 -P.1860 0.00 -0.1322 O.CO -P.1C42 O.CO -0*PBS5 0.00 -0.C864 0.00 -C.P863 0.00 -0.0915 0.00 -0.0934 0.00 -0.C98B 0.00 -0.0959 0.00 -0.C985 0.00 -0.0974 0.00 -0.0955 0.00 -0.0938 0.00 -0.0904 0.00 -0.0825
6934. 1601. 1315. 1123. 983. 886. 79 3. 7C9. 639. 587. 550. 515. 492. 475. 459. 447. 438. 429. 424. 416. 4P5.393. 389. 378. 365. 354. 345. 337. 327. 319. 311.
RMS ESTIMATION ERHOn ITERATION CRTFC E0 2.9865 6934.1 3,3728 1607.2 3.0929 1323.3 3.4^9? 1133.4 3.7455 995.5 3. 1773 896.6 2.2 IBS 833.7 1.6511 718.8 1.2006 648.9 0.99S 7 59 5.*10 0.9 542 558.11 0.9412 523.12 0.8914 580.13 0.7 503 482.14 0.6091 467..15 0.4362 455.16 0.4055 445.17 0.3661 437.IB 0.347 3 431.19 0.3465 423.20 0.3449 416*21 0.3339 406.22 0 . 3 3 41 39 6.23 0.3350 385.24 0.3349 372.25 0.3346 361.26 0.3329 352.27 0.3340 343.28 0.3342 333.29 0.3367 324.30 0.3335 317.
AVERAGE FILTE CPTFC
2.3) 15 2.C577 1.5361 1.1615 0.9135 C•80 3? 0.771E P.7703 0.7472 0.6725 0.571 I 0.4315 P.420? 0,33 5: P.369? 0.36 5! C.3650 C.3616 0.360 4 C.36:';1 P.3599 G.3596 0.3597 0.3593 P.3539 P.3583 C•3577
STANEA^r CSV! ATI 3-1
105.101.
CONTROLS TCI 20.00 21. 1 4 24. 3929.2635.0040.7445.61 48.8 650.00 48.86.45.6140.7435.0029.26 24. 39 21. 1420.00 21. 14 24. 3929.2635.0035.0035.0035.0035.0035.0035.0035.0035.0035.0035.00
24.03 23.P7 23.81 24.64 26. 52 3P.02 33. 3936.85 40, 18 43. 19 44.27 44.71 43.89 4P.7R 37*26 34.8033.3130.85 30. 53 30*07 30,9432.3234.3335. 13 3S.70 36.6036. 2B 36.62 37.19 37*16 36*70
MEASUREMENTS TCO C
32* 54 32.36
26. 55 23. 7621.43 2C.C2 19. 43 19.47 19.65 20.54 22.0323.44 25. C3 25. 56 25.57 25.56 25. 17 24.8! 25. C225.45 23.69 23.01 22. 54 22.87 23*03
TRUE OP NOMINAL FaPAMETEPS
3.7533 1.5703 1*8335 2.3352 3. CPI 3 I.1344 1.377 9. J.35C3 1.37C9 I. 16CC 1.3232 1.3263 1.2663 0.6623 C, 1312 C-3344 C.2319 0.8262 1-02951.04(4 1.0 509 I.C674 1.043C 1.0424 l.C400 t•C 432 1.0316 1.C344 1.0471 1.0419 1.0209
4?0GC« 45437. 45694. 4S907. 46?54. 46131. 46274. 40334. 46428• 46423* 46427. 46434. 45447. 46469. 46476. 46497* 4649 4. 46512* 46533* 4C542. 46551. 46553. 46556. 46564. 46536. 46617. 46602. 46599. 46597. 46610. 46621.
CPTFC0.76350.76350.76350.76350.76350.76350.7 6350.763S0-76350.76350.76350.76350.7635P.76350.76350.76350.76350.76350.7635P.7635C.76350.76350.76350.7635n.76350.76350.76350.76350.76350.76350.7635
STANDAPD DEVIATION CA CRTFC E3.0000 2.6(87 2.4594 2.4556 2. 1936 1.76e7 1.0895 C.5339 0.7045 0.6454 0.627!0.6263 C.6170 0.5769 ?.EC48 0.4233 ?.3726 0.3467 0,3346 0*3324 0.3322 0.3290 0.3236 0.3286 0.3286 0.3284 0.3281 0.3278 0.3275 0.3269 0.3263
7071.155.138.127.’117.109.101*95.9«.35.82*30.78.77.76.75.74.73.73*72.71*70.69.68.67.66.65.64*63.63.62.
46934. 469 34. 469 34. 45934. 46934. 469 34* 469 34. 469 34. 46934. 46934. 46934. 469 34* 46934. 469 34. 469 34. 469 34. 46934. 469 34. 469 34. 46934. 46934. 469 34* 469 34. 46934. 46934. 46934* 46934. 46934* 469 34. 469 34. 46934.
2 9 2
T A B L E  A © 1 6
M O D E L :
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
R E M A R K S :
RESULTS FROM TYPICAL P.lW
3 D
C R T F C
EME
O P E N - L O Q P
S I M U L A T I O N
12 3 4
3 STATE! S)
1-1-1 2 6-1
1 PARAMETER! S> I CONTROL!S)
AVERAGE ACTUAL TIMES
PROCESS "MEASUREMENT" NOISE NOISEO.GGOGCE CO G.25GG0E OO O.25O00E 00 O.25C00E 00
AVERAGE RESULTS OF 100 RUNS
ITERATION TCOC.CO0.00C.CO0.000.30C.CCO.CO
c . c o
AVERAGE BIAS CA CRTFC O.CO -2.986S O.CO -2.0868 0.OC -1.6123 0,00 - 1 i 802 5 0.00 -1.4156 0.00 -0.6082 C.00 -0.2372 o.oo -0.07:3
COM 7F.0L5 ON TCI2C.G021.1424.3929.26 35.ee43.7445.61 48.8 6 52. OC 43.3645.6140.74 3 5.C029.2624.3921.14 22.00 21*1424.3929.26 35.23 35. CO25.00 35. OC *35* CC 35. ec 35. CC35.00 35. CC 35.CC 35. CC
PARAMETER ESTIMATESITERATION
B o.rc c.co 0.3C-0,0.49. ♦ 89 c.co c.co G. GO-0.0460 910 0.30 O.CO C.CO-P.0143 to1 1 o.oc c.ce O.OC-0.0135 1112 c.c^  c.co. 0.00 -0.0342 \ ' 1213 c.cc r.ca 0.00-0.C2C3 1314 o.oc O.CO c.ao 0.0046 1415 C.CO O.CO 0.00 0.0076 1 S16 3.cs e.co o.oc 0.0138 1617 0.C2 C.CO o.co G.CI26 1713 c.ec o.oo c.co 0.01C9 1319 C.SB C.CC 0.00 0.0C7S 1920 0.02 C.CC c.co 0.0079 2321 C.CC c.co c. no 0.005222 C.20 c.00 c.co 0.CC53 2223 0.C3 C.CO 0.03 C.CC66 2324 c.oo c.co o.co C.0069 24£5 o.co c.co 0.00 0,0075 2526 C.CC C.CC c.co C.CC79 2627 C.CO 0.03 o.co 0.0091 2725 C.CC 0.30 0.00 0.0092 2329 0.CC C.00 C.00 0.0091 2?32 C.CC o.oc C.eo 6.0059 30
FJ1SES71 NATION ERROR AVERAGE FILTER STANDARD DEVIATIONITERATION CRTFC CPTFC ITERATION7 P.5?S5 3.0000 01 2.3331 P. 6!*«** I2 2.2E31 2.381 r 23 2.2450 2.3357 34 2.0230 - 2.0434 A5 U3754 1.4678 56 0.9994 0.9405 67 0.6350 0.6726 78 0.5937 0. 549 6 39 0.5724 0.5CRB 910 Z•5332 0. 40 64 131 1 0.5361 0.4843 1 112 0.5233 0.4690 1213 0.4353' 0.4290 1314 e.4473 0.3732 1415 0.3953 0.3333 1516 2.3713 0.3031 1617 0.3690 0.2853 1718 E.3 590 0.2774 1319 C.3553 0.2755 192C B* 3561 0.2750 2321 C. 3 49 4 0.2719 2122 C.3479 0.2712 2223 0.3430 0.2710 2324 C. 3475 0.2710 2425 0.3474 0.2709 2526 0.3471 0.2708 2627 0.3473 0.2706 2723 0.3469 0.2703 2329 0.3466 0.2700 2930 0.3479 0.2696 30
CRTFC 3.7500 0.2909 1.0499 1.3695 I.5249 C-9736 C.53 550.7555 2.9053 1.2122 1.2529 1.16361.C521 I.0701 1.C833 1.2537 I.16C6 1.1567 1.0 1IC J.C447 1.3332 0.9893 0.9936 1.0219 1.2060 1-0069 1 *039? 1.0089 1.0190 1.0184 1.0237
24.03 23- 1923.9324.94 26.6229.6233.4236.49 39-6341.42 43.3545.55 45.2943.5040.53 37.8934.4232. 19 29.2829.4134.5532.4133.'1734. 1934.5434. 18 34.46 *35. S7 37.0236.63 36.83
measurfiientsTCO 20.60 21.01 21.29 24.64 20.71 33.70 39.40 43.42 47.22 48.0 7 48.36 45.9243.0536.06 31-12 26.44 23.47 22.86
CA
22.7324.5523.6833.37 34.32 35. 15 34.39 35.21 34.72 35.51 35.2534.37 34.43
31.0232.01 32- 50 32.84 32.9831.8229.76 27.8725.82 22.90 22*08 21.1621.0120.63 20. 1520.63 21*67 22.21 22.6623.76 24.79 25.00 26.45 26.38 26.41 25.07 24.12 24.06 23.24' 23.02 22.54
TRUE OR NOMINAL PARAMETERS CRTFC 0.7635 0.7635 C.7635 0.7625 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.763S 0.7635 0.7635 0.7635 0.7635 0.7635 0.763S 0.7635 0.7635
STANDARD DEVIATION CA CRTFC 3.OC0O 2.6200 2.1591 2.1C94 1*7534 1.2336 0.0105 C. 59 53 0.5315 0.4633 0.4507 C.4496 0.4402 0.4373 0.3661 0.3293 C■3C4I C.2879 0.2794 0.2777 0.2774 C.27 54 0.2751 0.2749 0.2749 0.2749 0.2749 C.27 49 0.2748 0.2745 0.2743
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TABLE A, 17 RESULTS FROM TYPICAL RUN
3 D
C R T F C * E  
EME
OPEN-LOOP
S I M U L A T I O N
ITERATION
3 STATE! S)
I -i -i e 6-i
2 PARAMETER!$> 1 CONTROL!S>
AVERAGE ACTUAL TIMES
PROCESS "MEASUREMENT" NOISE NOISEG»OCPOCE OC C.cSCPCE CC fl.POCODE CP C.2SC0PE PC P.25CC0E CP
AVERAGE RESILTS OF ICC RUNS
ITERATION T TCO CA CR.TFC E0 0.00 0.00 O.CO-2.9S6S 69 34,1 0.00 0.00 O.CO-2.0430 1557.2 C.00 0.00 O.OC-1.7471 1280.3 0.00 o.co e.oo -2.C139 1105.4 0.00 O.OC 0.00 -2.0748 978.5 0.00 0.00 o.co-I.4S95 874.6 O.CO 0.00 c.co -0.8715 779.7 0,00 0.00 0.00 -0.5572 69 3.8 0.00 o.oo o.oc -C.4G9 6 627.9 0.60 0.00 O.CO-0.4443 574.10 o.co o.co o.co -C.3969 532.11 o.co O.CO C.00-0,36C9 503-'12 0. 00 o.eo o.co -0.3535 476.13 0.00 o.eo o.co -0.2543 458.14 0.00 0,00 C.00-0.1455 444.1 5 0.00 c.co 0.PO-0.P923 433.16 0.00 0.00 6,00 -0.C535 425.17 o.co 0.00 0.00 -C.P444 417.18 0.00 0.00 0.00 -0.0397 410.19 0.00 0.00 c.co -0.0396 40 4.20 0.00 c.co o.oo -0.0339 396.21 C.00 0.60 O.CO-C.C437 336.22 0-00 0.00 0.00 -0.0452 376.23 O.CO 0.00 0.00 -0.0442 366.24 0.00 0.00 0.00 -0.P434 354.25 0.00 c.co o.oc -0.0419 344.26 0.00 0.00 0.00 -0.0403 335.27 c.co 0.00 o.co-0.0376 327.20 0.00 0.00 0.00-0.0361 319. *29 0.00 0.00 0.00 -0.0343 311.30 0.00 0.00 0.00 -0.0368 30 5.
RMSESTIMATION ERROR AVERAGE FILTERstandardITERATION CRTFC E CRTFC E0 2.9865 6934. 3.crcc 7371.1 2.3670 1 565. 2.59 1 I 155.2 2.256 3 12*37. 2.2531 133.3 2. 4 47 3 Ills?. 2.2?63 126.4 2.5332 985. 2.C434 1 16.5 1.9692 681, 1. 53 77 ire.6 1.4286 706. I.12C3 let«7 0.8988 700. e.8143 95.B 0.7976 634. 0.6595 9? .9 0.7 529 581 . C.5943 55.to 0.6343 539. 0.5771 32-1 1 0.6797 5C9 . 0. 57 53 9 0.12 0* G 569 484. 0.5554 73.13 0.5526 466. 0.5026 76.14 0.469 3 45i. 0.4345 75.15 0.3836 441. C. 3751 74.16 C.3467 432. 0.2351 73.17 0.3379 424. C* 3123 73.18 6.3250 417. 0.3C24 7?.19 0.3)94 41 1, C.3CCC 7) •20 0.3201 404. 0.2993 71..21 0.3)30 394. 0.2955 70.22 0.3100 33 4. C•29 47 69.23 0.3113 373. C * 09 44 63.24 0.3104 361. 0. 2**44 67.25 0.3102 352. 0.2943 66.26 0.3094 342. C.P9 4I 65.27 0.3099 334. 0.2939 64.28 0.3080 327. 0.2936 63.29 0.3077 319. 0.2932 62.30 0.3094 313. 0.2927 * 62.
CONTROLS TCI 20.00 21. 14 24.3929.2635.00 40 * 7 445.6148.8650.0048.8645.61 40.74 35. 0029.26 24. 39 21. 1420.00 21. 14 24. 3929.26 35. 00 35. 0035.0035.0035.0035.0035.0035.0035.00 35. 00 35. nn
3*7 5CC e.22360.5125 1.5466 2*1219 1.61461.CCS4 1.1336 1.2626 1.6229 1.6EC6 1. 5424 1.3641 1.3C43 1.2 SCC 1.3933 I.2CC1 1.2213 1.C55C 1.C914 1.CS32 1.C2SSV 1.C231 1*0417 1.C454 1« C 463 1.2529 1.C497 l.Cfcl5 I.0S92 1.C 648
4CCP0. 45420. 45724. 45952. 46136. 4622C. 46$56. 46219. 46363. 46347. 4639C. 46423. 46477. 46507. 46513. 46523. 46544. 46541. 46539. 465*44. 46554. 46562. 46602. 46621. 46646. 46639. 46631. 46637. 4663C. 46626. 46633.
24.C3 31.9?23.1923.9324.94 26.82 29.62 33*42 36.49 39.6 341.42 43.35 45.55 45*29 43. 50 6C. 53 37.5924.4232.19 22.3629.23 52.7329.41 24.353C-5S 25.63
21.Cl 21-29 24.64
4?-5 7 45.36 4S.92 42.C?36.8631.1226.4423.47
32-41 33.17 34. 19 34.54 34.13 34.46 35.57 37.02 36.63 36.83
true or no;CRTFC 0.7635 0.7635 0.7635 0.7635 0*7635 0.7635 0.7635 0.763S 0.7635 0.7635 0.7635 n.7035 C.7635 C.7635 P .7635 0.7635 0.7635 C.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 C.7635 0.7635 * 0.7635
33.3734.2235.1534.39
35.2534.3734.40
32.5C32.5432-9531.82 29.76 27-5725.82 ‘ 22.92 22.C5
23-7624-79 25.T9 26.45 26*38 25.41 25.07 24-12 ,24.0623-2423.P222.54
UNAL PARAMETERS E46934.46934.46934.'469 34.46934.46934.46934- .46934.46934.469 34.46934.469 34.46934.46934.46934.46934.469 34.46934- 469 34.46934.469 34.469 34.469 34.46934.469 34.469 34- 46934.46934.46934.46934.46934.
7071. 155. 139. 127. 117- JC8- 101 .
STANDARD DEVIATION CA CRTFC E3.CPC0 2.591!2.1244 2.0549 I.7500 1.3411 0.9415 0.6932 C.5772 0.5310 C.SI 61 0.5143 0. 5339 0.4639 0.4120 0.3662 C.3342 0.3140 O* 30 36 0.3014C.30I0 0.2986 0.2982 0.2980 0•2980 0.2980 0.2980 0.2960 0.P979 3.2974 0.2971
71.
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TABLE A. 18 RRf-llTS FROM TYPICAL ritf
2 D
C A > C R T F C  
EME
OPEN-LOOP
S I M U L A T I O N
run code
2 STATE!S>
1 -1 -I 1 1
I PARAMETER! S)
13 II If 2 -I £13 14 15 16 2 2 1 I
AVERAGE ACTUAL TIMES
I CONTROL!S>
CONTROL I • 55
PROCESS ''MEASUREMENT*' NOISE NOISE0.253G2E 00 0.25S00E 00 O.0000PE 00
e .o oe.ceG.E00.00c.coc.coC.C2
o .c e0.C00.000.00e.oec.co
c . c cC-C3
c.co 
C. 00 O.C0
AVERAGE RESULTS OF ICO RUNS
AVERAGE BIAS TCO CA* CRTFC C.ee -2.9865 -C.C4 -2.1717 0.C2 -1.7396 0.15 -1.7051 0.16 -1.5626 0.10 -0.8746 0.09 -C.3562 C.C9 -C.2536 0.07 -0.1452 C.CC -C.1060 -0.12 -0.C386 0.02 -0.0902 -0.C2 -0.C967 -0.04 -C•1C60 0.22 -C.G993 0.05 -0.0722 0.10 -0.C654 C.13 -0.0614 C.C3 -0.CESS 0*08 -0.C576E.C7 -C.B575 *C.C9 -C.0588 0.C3 -0.0552 0.C2 -0.0614 c. 12 -0.eei4 0.14 -2.6616 0.C7 -0.0618 G.C4 -0.0617 0.C9 -0.0620 0-12 -0.0609 0.12 -0.0561
RMS ESTIMATIONITERATION 0.000.000.000.000.000.000.000.600.00
0.CO0.000.000.000.00fl.CO0.000.000.000.00
0.00
0 .0 00.000.00
0 .0 0
0 .C00.000.000.000.00
0.470.66C.780.890.830.700.710.58
AVERAGE FILTER STANDARD DEVIATION T TCO CA*2.00 
. 1 .691.43 1.24 1 . 10 C.9B C.97
0*840.870.790.74
0.676.680.70
C.RC C. 73 0. 76
ITERATION CON Tr OLS TCI MEASVmENTF T TCO CA*0 2c.no 24.031 21. 14 23.072 24.39 23.513 29.26 24.644 35. CO 26. 525 40.74 30.026 45.61 33. 397 48.86 36.858 50.00 40. IB9 48.86 42. 1910 45. 61 44-2711 40.74 44.7112 35. 00 43.S913 29-26 40.7814 24.39 37.2615 21.14 34.0016 20.00 33.3117 21. 14 30.8518 24.39 30.5319 29.26 30.0720 35. CC 3C.942* 35. 00 32.3222 35, 00 34.3323 35.00 35. 1324 35. 00 35.7025 35,00 36.6026 35.00 36.2827 35.00 36.6228 35.00 37. 1929 35.00 37.1630 35.00 36.70
STATE ESTIMATES TRUE STATESITERATION T TCO CA* T TCO CA*0 24.0 3 31.52 24.03 31.3?1 23.07 31.81 23.07 32.112 23.8! 31.92 23.31 32-273 24. 64 31.83 24.64 32.544 26. 52 31. 54 26.52 32.365 30.02 30.85 30.02 21.D?6 33.39 29.58 33.39 32.607 36. B 5 27.92 36.85 23.3?8 40. 16 25.99 40. 18 26. 559 43.19 24.03 43.19 23.7610 44.27 22-27 , 44.27 21.43U 44.71 21.06 44.71 2P.P2 *12 43.89 20.33 43.89 19^4313 40.78 20. 10 40.78 19.4714 37.26 20.50 37.26 19.6515 34.80 21.28 34.00 20.3416 33.31 22. 16 33.31 22.C317 30.8 5 • 23.04 30.85 23.4418 30.53 03.95 3r.S3 25.0319 30.07 24.67 30.07 25.5620 30.94 25.20 30.94 25.3721 32.32 25.39 32.32 25. 5622 34.33 25. 34 34.33 25.17‘ 23 35. 13 25.02 35.13 24.3124 35.70 24.66 35.70 25.0225 36.60 24.32 36.60 25.4326 36.28 23.94 36.28 23.6927 36. 62 23.71 36.62 23.C128 37. 19 23. 50 37.19 22.5429 37. 16 23.26 37.16 22.3730 36.70 23.10 36,70 23.03
PARAMETER ESTIMATES TRUE OR NOMINAL PARAHETEFITERATION CP.TFC CRTFCO 3. 7 EC 0 0.76351 0.5593 0.76352 1.09 57 0.76353 I •C 376 0.76354, 1.3(18 . 6.76355 -C.0899 0.76356 C.39 51 0.76357 C.6262 0.76358 0.7 067 0.76359 0.6338 0.763510 0.75S3 0.7635It 0.7649 0.763512 0.7455 0.763513 C.3997 0.763514 C.C3I3 0.7635IS C.£ 567 0.763516 0.6656 0.7635*7 C.6993 0.763513 C.5367 0.763519 0.9031 0.763520 0.9131 0.763521 0.92(3 0.763522 C.9C67 0.763523 C.9C66 0.7635£4 0.9C67 0.7635£5 C.9133 0.763526 C.9CI6 0.763527 0.9C38 0.763523 3.9 142 0.763529 C.9131 0.763530. 0.898? 0.7635
RMS ESTIMATION ERROR ION CRTFC 2.9B65 2.4397 2.0998 2.0 379 1.9897 1.5214 1.0616 C .898 3 0. 69 43 0.5919 0.5797 0.5817 0.5718 0.5159 0.4597 0.4038 0.3609 0.3352 0.3248 C* 3256 0.3249 0.316!0.3177 0.3181 C* 3178 6,3177 0.3168 C* 3176 0.3180 0.3200 0.3174
AVERAGE FILTER STANDARD DEVIATION CRTFC3.GPP0 2 . 69 0 3 2.4346 2.4782 2.2396 1.7C271.15 5?0.8!56 C.6615 0.5963 0.5763 0.5763 C. 5626 0.5201 C.4594 e.4C37 0.3634 P.3394 0.3282 0. 32 53 0.3253 C.3228 0.3219 C.3217B.2P16 
r .  :-? i5
STANDARD DEVIATIONITERATION CA*2.00
1 .681.451.26
l . M0.990.830.790.730.60
T .7  3 0.72 0.72 0.72 C.72 C.72
CRTFC3.OCO02-69032.33372.3337 1.9452 1.3737 C.7694 C. 5995 C.S201 0.48 35 0.4726 C.4722 C.4663 0.4428 0.4022 O.3562 0.3231 0.3042 0.2953 0.2922 0.29 20. 0.291 1 fl.29rS 0.29C8 
C.29T8 P. .7937 C.2904 C.£903C.290P 0.03962.89?
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TABLE A* 19 RESULTS FROM TYPICAL RUN
2 D
T , C R T F C / E  
EME
OPEN-LOOP 
S I M U L A T I O N
USASUP HM ENTS T* TCO C 31.RP
2 STATE! S)
1-1-1 I P -1
7 PARAMETER! S> I CONTROL!S)
AVERAGE ACTUAL TIMES
PROCESS “MEASUREMENT" NOISE NOISEO.PSCPPE CC 0.25P0OE 00 O.OPPPflE CO O.OOPGCE 00
ITERATION T*0 0.00► 1 0.JO2 -0.023 -0.294 -0.115 G.786 2. 127 3.408 4.439 4.8210 4.6311 4. 0112 2.8713 1.3714 -0.3015 -1.8116 -2.7217 “2.9116 -2.6719 -1.9520 -1.3221 -0.7022 -0.3223 -0.2724 -0.1225 -0.0026 0.0427 0.0728 0.0629 -0.0030 -0.15
AVERAGE RESULTS OF 100 RUNS
AVERAGE DIAS TCO CA CRTFC EO.CO -2.9365 6934.0.00 -2.9711 1687.O.OO -2.3021 1365.0.00 -2.4351 . 1C82.0.00 -3.3512 848.O.CO -5.4631 692.O.CO -6.6502 608.0.00 -7.1588 • 580.0.00 -7.1310 582.C.CO -6.3372 596.0.00 -6.5529 611.O.CO -6.5382 6r3.0.00 -6.GC98 602.0.00 -6.5364 579.O.OO -6.1660 533.O.CO -5.4453 473.C.00 -4.4397 405.O.CO -3.4222 346.O.CO -2.6802 305.e.ro -2.C2P5 268.O.CO -1,6749 242.C.C0 -1.5436 219.O.CO -1.4318 203.0.00 -1.4506 189.0.00 -1.4241 171.0.00 -1,3958 158.0.00 -1.3785 151.0.P0 -1.3520 144.0.00 -1.3108 135.P.CO -1.2678 127.0.00 -1.2257 120.
RMS ESTIMATION I ON T* TCO 0.00 0.48 0.53 • 0.69 0.70 0.99 2.233. SC 4-51 4.9|4.724. 12 2.99 1.59 0.78 1.97 2.90 3.22 3. CS 2.47 1.82 1.17 C.3 S C.79 0.76 C.73 C.67 0.65 0.69 0.7C 0.71
ERROR CA0.03 0.00 0.00 0.00 0.00 O.CO 0.00 0.00 O.CO 0.00 0.00 O.CO O.OO 0.00 O.CO 0.00 G.PG 0.03 0.00 0.00 0.00 0. CQ 0.00 O.CO
o .e o0.000.C30.000.00O.CO0.00
2.9365 2.971 I 2.3C66 2.4357 3.87875. 52336.7 477 7.C635 7.C 456 6.9 576 6.6328 6.72C66.7 426 6.67946. 3 37 5 5. 6)97 4.77 56 3.82523.1 529 2.5641 2.26562.1 170 2.0197 1.9702 1.9229 1.0373 1.37201.5 4061.5 1 33 1.734! 1.7CC!
ERRORE6934. 169 3. 1372. 1091. 862. 7CQ. 624. 59 4. 59 4. 607.- 620. 617. 61 I. 538. 543. 43 4. 419. 361 . 321 . 23 5. 260.
193.180.172.165.155.147.141.
AVERAGE FILTER STANDARD DEVIATION T* TCO CA 2.00 1,70 I. 49 1.28 1.10 1.06 Ull t • 20 1.261.301.30 1.25 1.15 1.02 0.93 0.93 1.03 I . IS 1.23 1.20 1.06 0.87 0.80
0.78
AVERAGE FILTER STANDARD DEVIATION CRTFC E7071.257.3.0000 2.9999 2.9954 2.99 50 2.9527 2.8340 2.6708 2.501O 2.3541 2.2431 2.1765 2.1502 2. 1468 £.1430 2.1150 2.0499 1.9440 1.8196 1.7039 ».6218 1. 53 14 1.5722 1.5673 1. 56 56 1.5643 I.5633 t.5619*>.TI.5567
264. 230. 214. 198. 166. 178. 174. •171. 168. 166. 163. 159. 154. 147. 161. 136. 131. 123. 125. 122. 1 19. 115. 112. 1 10. 107. 105. 10 3. 10 1 .
1 21.14 32. 112 24.3? 32.273 29.26 32. 544 35.OC 32.365 * 4C.74 31.296 45.61 30.607 48;86 20. 398 50.CO 26. 559 48.36 23.7610 45.6) 21.43II 40.74 20.0212 35.ZZ 19. 4313 29.26 19.4714 24.39 19.65IS 21.14 2e.8416 20.ED 22.0317 21.14 23.4418 24.39 25.0319 29.26 25. 5620 35.CO 25.8721 35,CO 25.5622 35.CO 25. 1723 35.00 24,8124 35.CO 25.0225 35.CO 2 5.4826 35.cs 23.6927 35. c^ 23.0128 35.ec 22. 5429 35.cc 22.8730 35.00 23.03
STATE ESTIMATES • TRUE STATESITERATION T* TCO CA T* TCO CA *0 24.C3 31.62 * 24.03 31.821 £3.94 32.11 23.07 32. t)2 24.29 32.27 23.81 32.273 25.42 32. 54 24.64 32. 544 27. 1 1 32. 36 26.52 32.365 29. C6 31.29 30.02 31.296 32.95 3C.60 33.39 30.607 33-56 28.39 36.85 26.398 35.98 26.55 40, 18 26.559 33.92 23.76 43. 19 23.7610 41.22 21.43 44. 27 21.4311 42.36 20.02 44.71 20.0212 62*46 19.43 43.89 19.4313 41.69 19.47 40.78 19.47I 4 AC. 21 19.65 37.26 19.6515 37.7 1 20.84 34.60 20.8416 34. 5C 22.03 33.31 22.0317 DC.96 23. 44 30.85 23.4418 27.97 25.03 30. 53 25.0319 £7.74 2S.56 30.07 25.5620 29.C3 25.87 30.94 25.8721 31.65 25. 56 32.32 25.5622 33.37 25. 17 34,33 .25.1723 34.43 . 24.81 35.13 24.8124 35.C 6 25.02 3 5 -.7 0 25.0225 35. 33 25.43 36.60 25-4826 36. C 6 23. 69 36.23 23.6927 26.35 23.01 36.62 23.0128 3t. 53 22, S4 37. 19 22. 5429 36. 49 22.87 37. 16 22.8730 36.46 23.03 36.70 23.03
PARAMETERESTIMATES TRUE OR NOMINAL PAFAMETlITERATION CRTFC E crtfc E0 3.7 SC 0. 4O0C0. 0,7635 46934.1 3.7343 45354. C.7625 469 34.2 3.0 567 45679. 0.7635 46934.3 3,2664 45994. C .7 635 469 34.4 4.7312 46246. C .763 5 469 34.5 5.6400 46356. 0.7635 46934.6 7.0064 46492. C.7625 469 34.7 7. 39 40 46468. C.7625 469 34.8 7.40 37 46473- 0.7635 46934.9 6.2539 46416. 0.7635 46934.10 5. 4333 46377. G. 7635 46934.11 5.247 5 46360. 0-7635 469 34.12 5.26! 4 46366. C.7G3S 46934.13 5.0636 4643 4. 0.7635 469 34.14 4.7C56 4C43b. C.7625 46934.15 3.311 5 46533. C.7635 46934.16 1.9179 46609. C.7625 46934.17 0.57 CO 46670. 0.7635 469 24.18 -0.5303 46720. C.7625 46934.19 -0.5084 467 1 S. C.7625 46934.20 -0.4762 467 1 1 • 0.7625 469 34.21 -0.5616 46692. 0.7625 46934.22 -0.5965 46696. 0.7625 46934.23 -<3-5794 4669 C. C.7625 46924.24 -0.4942 46727- C.7625 46924.25 -0.4713 46779. ’ C.7625 469 34.26 -0.4111 46727. 0.7635 469 34.27 -0.3628 467 1 3. C- 7635 469 34.28 -0.3102 46703. 2.7635 46934.29 -0.4172 467 19 . e.7635 469 34.30 -Q.5E8B 467 32. 0.7635 46934.
STANDARD DEVIATIONITERATION T* TCO CA CRTFC E0 2.00 3.CC03 7C7 1 .1 1.70 2.9999 257.2 1.49 2.9955 245.3 i.28 2.9950 231 •4 1. 10 2.9S31 214.5 1.06 2.6387 198.6 1. 12 2.6672 187.7 1.19 2. FC 7 3 179.8 1.27 2.3542 174.9 1.31 2.2387 171.10 1.31 2.1674 1 69.11 1.2 5 2.1424 166.12 1.10 2.1416 163.13 0.94 2.t 303 1 58.14 0.87 2.0737 1 51.15 0.98 1.9603 144.16 1.2) 1 .7BC2 137.17 1.4$ 1 . 53 47 132.18 1.55 I . 4299 123.19 1.37 1. 35 4$ 126.20 0.96 1.3424 123.2! 0.67 1. 3355 120.22 0. 49 1.32 51 1 IC.23 0. 6# I.319! 1 12.24 0.67 k.3176 1 09 a25 0.C6 1.3176 ICC.26 C.C5 I.3172 1C2.27 C.4? 1. 3149 ITS.28 O. 09 1.3106 93.29 0. M 1.DC46 9 6.30 0.73 1.2773 95.
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M O D E L :
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
REMARKS:
TABLE A *20
3 D
C A , C R T F C  
EME
OPEN - L O O P  
S I M U L A T I O N
2 3 4 E 6 7 8 9 IP II 12 13 14 15 16
3 STATE!2) I PAEA!ETSn<S>
ESTIHfAVETAGE ACTUAL TIMES G.C
1 CONTROL!S)
STATE CONTROL PROCESS "MEASURE! ENT"WEIGHT WEIGHT NOISE NOISEB.25PP0E CO O.25C0OE (10o.pcocce co e.2scooE oo
AVERAGE RESULTS OF 100 RUMS
CONTROLS TCI 2P.OO 21. 1424. 3929.26 35. 0040.7 445.61 48.8650.0048.8 645.61 40.74 35. 0029.2624.39 21* 1420.00 21.1424.3929.26 35.P0 35. PP35.0035.0035.0035.0035.00 35.PP35.0035.0035.00
PEStfLTS FPO'l TYPICAL R!“J
24. Vu 26.32 29.6? 33.4236. 4939.6? 41.4? 43. 35
45.29 43. 50 40. 53
RMS ESTIMATION ERRORTCO CA® O.CO 0.00 0.00 0*49O.CO 0.64 C.GO 0.64 C.CO 0.67 0.00 0.710.03 B.65 C.CO C.65 0.00 0.61 C.CC 0.61 O.CO 0.65 0.00 0.62 0.00 C.CO 0.640.00 O.OC 0.67O.CO C.OP C * 69 C.00 C.CO 0.68O.OO 0 »PG 0.680.00
C.00O.CO0.000.000.00O.CO0.00o.cc0.00o.co0.00o.cc
AVERAGE FILTER STANDARD DEVIATION T TCO CA*2.03 I. €2 1.43 1.24 1.29 e.97
e. 73 0.63 C.66e.esP. 65 P. it C* 65 P.71
30
0.000.000.60OlOB0.00
O.COo.coo.co
c.co
o.coc.eeo.oo0.08O.CCO.OCO.CO6.000.000.000.00C.00C.00o.co
0.730.820.74
0.73 0.77 0.72 0.72 C. 69 0.77 0.77 B.76
RMS ESTIMATION ERROR ITERATION CRTFC0 2.98651 2.39642 2.27243 2.25944 2.01625 1.36906 0.98957 B.614B8 0.58249 0.557910 0.51740.52G9 0.5156 0.4692 0.4254 0.3729 0.3444 C.3421 0.3314 C.32B2 0.3237 .0.3221 0.3205 0.3208 0.3203 C.3PC3 C. 3riCl 0.3208 G.3201 0,3196 * 0.3212
P. 72
AVERAGE FILTER STANDARD DEVIATION CRTFC 3.POPS 2.622C 2. 38 M 2.3412 2*0473 1.4753 P.94?C K * €78 4 0* 5544 P.5846 ?. 491 e 0.4393 P.4731 P.43?S C.211 1 0.3362B.3P53 P.2*73 0.2793 P.2774C.2769 G.2737 C.£721 R.270?P.272?• P. £73P.27?t P.S7F4 0.27£2 C,2?19 P.2715
FAFANETER ESTIMATES ITERATION CFTFC0 2. 7 SCO1 P.32942 1.16263 1.46CC4“ 1.4650 ‘5 0.95446 C . 6 5697 C. 8 1C 48 0,9 6179 1.318610 1.347711 1.2 59612 1.155613 1.167314 1.160815 1,317616 1.226917 I.2P4218 1 • P 46219 1.CS0620 1.074121 I.023622 1.029323 1.032424 1.C36225 1.C37326 1.P4C327 1.0 39923 1.049829 1.0 45333 I.C635
37,
32.41 33- 17 34. 19 34. 5434. 18 34.4635. 57 37.P2
21.01 £ UC? 04.64£6.7133.7039.4942.4247,£245 . ? 7 45. 36 45.9P 43.05
34.32 35.15 34.3? 35. ? 1
efatxonc T0.00 TCOe.CB
ave:CA*O.CO
1AGE SI ASCRTFC-2.9865 ITERATIONSTATE ESTIMATEST TCO CA* TFUE STATE?T m CA*1 C.CP e.co 0.P3-2.0922 0 24.0 3 2P. 60 31.82 24.83 CP.6? 31.522 c.co C.CC C ► 1 G-1.8233 1 23. 19 21 .PI 31.79 23. 19 si.n 3r.Pi3 c.co o.co 0.09 - 1.8107 2 23.93 21.29 31.88 2 3.93 21.2? 32. 5?4 a.eo 0.03 c.co -1.4332 3 24.94 24. 64 31 .79 24.94 £4.64 32.545 c.co c.ec -0.0 2-0.6242 4 26.82 25,71 31. 47 26.S2 £5.71 32-956 C.CC c.co -C.CP-0.2459 5 29.62 33.7P 3C.79 29.62 33. 7P 31.527 C.CC P.OC B.C4-B.C7I6 6 33.42 39,48 29.62 33.42 39.45 29.768 C.CC o.oc -C.C2-0.0554 7 36. 49 43.42 27.94 36. 49 43.4£ 27*3 79 O.PC C.C3 -p,.r»3-0.CS32 8 39.63 47.22 26. 1 1 39.63 47. 22 £5.5210 O.CC C.00 C.CO-0.R2B3 9 41. 42 48.07 24.26 . 41.42 43.37 ??.??1 1 C.CO C.CO -C.C2-0.0197 10 43. 35 43.36 22.77 43.35 43-36 22.2312 C.G0 o.co 0.C7-C.0422 ' 11 45.55 45.92 21.53 45. 55 45-9£ SI. 1613 £.22 c.co C.C5-e.C2?o 12 45.29 43.05 20.49 45.29 43. CS 21. Cl14 o.oc C.CC 0.07 -C.CC40 13 43.50 36.86 19.98 43. 5? 36.56 20* 6315 C.CC c.co e.c6 -C.2019 14 40. 53 31. 12 2P.B 1 40. 53 31 .12 1 516 C .22 c.co C.B7 0.PC46 IS 37. 89 26. 44 20. 50 37.?? 26.44 2C.6317 c.co 0.00 0.07 0.ce36 16 34. 42 23, 47 21.23 34. 4? 23.47 21.5716 c.gb c.co C. 10 c.ooiV 17 32. 19 22.66 22. 19 32. 19 52.36 cr • 2119 0.C3 G.S0 2.C5-0.0013 18 £9.28 22.73 23.16 29.28 22.73 22. 66£C C.CC C.C6 0,06 -O.COll 19 29. 41 24. 55 24. 16 29.41 £3.7621 C.CC e.cc C-.C9-B.GP34 20 3C.5S 25. 68 24.90 30. 55 £3.6= 24.7?22 0.PC- c.co C.P3-P.C033 21 32*41 33.37 25. 22 32.41 33.37 £5.3323 C.CC c.co 0.04-0.0021 22 33. 17 34.32 25.21 33.17 34.3? 26.4524 C.CC r.ce B. 10-C.B017 23 34. 19 35. 1 5 25.09 34. 19 35.15 26.3?25 c.co e.eo 0.06-o.enii 24 34. 54 34.39 24.35 34.54 34.3? £6.4126 c.ce C.CC C. C 5-0.0G08 25 34. 15 35.21 24.62 34.18 35.21 25.2727 a 23 S c.co o.cc C.C2 0.CCC5 26 34. 4 6 34.72 24. 50 34.46 34.72 £4.12C.C3 e.co 0.C2 0.0006 27 35. 57 35. 51 24.39 35. 57 35.51 £4.2629 c.co c.co 0.05 0.0004 28 37. 02 35.25 24. 1 5 37.P? 35.25 23.£430 0.00 c.00 -C.CO-3.0027 29 36. 63 34.37 23.74 36.63 34.37 23.C230 36.63 34. 40 23.52 36.53 34.40 ££.54
TRUE OR NOMINAL PARAMETERS CRTFC 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 C.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 0.7635 C.7635 0.7635 0.7635
STANDARD DEVIATIONCA* 2.00 1.68 I .44 1.26 I. II 0.98 P.U8
0.75 Cl.77 C.8B 0.80 0.79 0.73 0.76 C.75
CRTFC 3.0C00 2.6220 2.1710 2. 1£84 1.7838 I.2366 0.8)11 P.6049 0.5108 C. 47 25 0.4601 0.4590 0.4498 0.4173 0. 37 58 C.3386 0.3119 0.29 SI 0.2663 C.2846 0.2842 0. 21122 C. 28 18 C.28 1 7 
S.3M6
0.7 3 0.0115
2 9 7
M O D E L :
P A R A M E T E R S :
E S T I M A T O R :
C O N T R O L L E R :
R E M A R K S :
TABL E A. £1 RESULTS I'ROM TYPICAL RUN
3 D
T j  C R TFC + E 
EME
OPEN-LOOP
S I M U L A T I O N
2 STATE!S>
I -1 -1 2 S -I
2 PARAMETER!S> 1 CONTROL!5)
AVERAGE ACTUAL TIMES
PROCESS "MEASUREMENT" NOISE NOISE0.25GPOE CO 0.2S0O0E 00 c.ceeooE bo o.ssoooe ,00B.GBBOOE 00
AVEP-AGE FESULTS OF 100 RUNS
AVERAGE pxasITERATION T* TCO CA CRTFC EC C.CC C,08 0.00-2.9565 6934.1 -C ,40 C.CO 0.00 -2.79C5 1570.2 -C.27 c.rc C.CP-1.9207 1270.3 -C.26 P.00 e.cc -1.9071 1025.4 0.06 e.eo . O.PC 5579 6 39.5 2.86 0,00 c.cr -3.2665 7C9.6 1.96 c.cc C.CC-3.6736 633,7 2,77 e.rc e.ec -3.7369 594.a 3.31 p.rc e.ce -3.69 69 534.9 3.51 c.cc o.e-e -3.6736 579.10 3.49 c.sc e.ca -3.71 19 573.11 2.3 3 e.re o.ro -3,6709 559 .12 1.93 c.cc c.cc -3. 4293 517.1 3 K.52 B.CC c.co -S.9383 455.1 4 -C.E3 e.ec C.C0-2.C643 391.1 5 -l.CA c.cc P.PP-1.4434 340.16 -1.1 1 e.rs e.eCr -P.98P3 303>17 -ST.94 c.cc c.co -0,6872 277.18 -0.61 e.ce 0.00-0.4304 • 253.19 -0.31 c.cc c.co -C.2S25 247.2C -C.C9 C.C3 c.ee -0.2715 235.21 0.C4 D.P0 c.cc -f•2S96 222*£2 0. 1 3 E.P0 e.cc -0.2451 211.23 e.i7 c.cs o.ce -0.2528 201.24 0.27 C.C0 c.co -C.2542 188. .25 2. 16 e.ec 0*00-C* 2477 181.26 e. 12 c.cc c.ee. -0.2460 173.27 C.C3 e.o? o.eo -0.2367 167.28 e. 13 e.ce e.ce -0,2212 160.£9 C.16 c.r.e e.ce -0,20 51 152.32 S. 2 2 C.SG E.C0-0.2010 149.
P-I1SESTIMATION ERROR AVEFAGE FILTER. STANDARDITERATION T* TCO CA 7* TCO CA0 0.00 C.00 0.00 2.CO1 0.67 0.00 C.CO 1.662 0.70 0.00 0.80 1. 463 0.74 *0.03 o.oe 1.234 0.73 P. 00 e.oe 1.215 1. 13 0.00 C, OR 0.996 2.02 0.00 0.00 1.C37 2.97 c.co 0.00 1* 138 3. 50 0. CD 0.00 1.259 3.74 c.ee 0.00 1.2310 3.69 0.00 0.00 1.2611 3.01 0.00 0.00 1. 1712 2.0 5 0.00 e.oo 1 .0213 0.96 0.00 0,00 0.87J* 0.91 0.00 0.00 0.?21 5 1.41 0.00 c.ee 0.9116 1. 53 C.CO e.po t.C617 1.53 C.CO O.CB 1. 1618 1.33 C.CO G. 00 1.1719 1.07 , 0.CO e.co I.0620 0.61 0.CC 0.00 0.2321 0.72 0.C0 0.00 0.7422 C.BS c.co c, on 0.7123 0.73 o.cc 0.00 0.7324 0.B0 0.00 0.00 0. 7025 0.63 0.00 O.0P C. 73 *26 0.75 0.00 0.00 P.7227 0. 67 0.C0 0.0(3 0.702B 0. 58 0.00 0.00 0.7029’ P. 64 0.00 0.00 0.7030 0.66 0.00 0.00 e.7i
RMSESTIMATION ERROR AVEPAGE FILTERSTANDARDITERATION CRTFC E CPTFC E0 2.9865 69 34. 3.r(!?e 7071.1 2.6 381 1 58 5. 2.92=55 255.2 2. 1131 1278 2.8929 241.3 2.2309 1033. 2.652P 224.4 2.8817 849. 2.57 39 203.5 3.6 507 719. 2.2422 136.6 4. 0473 643. 1.9501 175*7 4. 1 622 6D3 1 .7292 143.8 3.9973 592. 1. 57 72 164.9 3. 9 38 5 588 1 . 439 5 162.ID 3.9523 533 1.4503 ie*.11 3.9C80 569 1. 4349 157.12 3.7127 530. 1.4"9? 15?.13 3.1367 47 3. 1•3442 14*.14 2.3999 408 1.2314 134.IS 1.8266 357, 1.0923 123.16 1.371 3 318 S.9766 123.17 1. I 356 292 C.9C21 119.18 0.9652 27 4 0.36"? 116.19 0.8304 263 0. M'7 6 114.20 0.7 559 251 2.7392 112.21 0.6B38 240 0.7451 !?9.22 0.6605 229 C.7426 127.23 P.6693 219 C.7 420 1 C 4.24 0,6705 207 0.7416 ICI.25 P.6653 199 0,7412 93.26 0.6623 192. T.7405 97.27 C.6613 186 T.7297 9 c.2U 15,6 52 3 181 0, **74 6 93.29 0.6459 174• 0. 737 4 9 1.30 0,6422 171• P.73*9 93.
ITEPaTIon 0 1
3456 ?
212223
CONTROLS TCI 2P.PP 21*14 24* 3929.26 35. 00 40.74 45. 61 4Q.36se.oe48.8645.614(1.7435-0029.26 24. 3921.14 2(1. C021.14 24.3929.26 35, CD35.0035.00 3S,0D35.00 35.C035.00 35. D35.00 35, (IP 35. PC
STATET*24.03 24, 76 24. 67 25.85 27. 45 29. 4332.2535. 49 3B.60 41.9843.26 44. C3 44, 3642.27 39. 5236. 26 32.7 5 3D. 53 29.25 28.64 29.37 31.3532. 6433.DB34. 5135. 43 35.9036. 21 36. 54 36. 51 36. 56
ESTIMATES TCO 2P.6D 21 .Pl 21.29 24.64 28.71 33.7039.43 * 43.4247.2243.0 7 43, 36 45.9243.0 536.86 31.1226.44 23.4722.86 22.73 24. 55 23.6833. 3734. 3235. 1 534. 3935. 21 34.7 2 35, 51 35.25 34. 37 34. 40
CA 31 .8232.01 32. SP 32.8 432.9831.8229.76 27.8725.82 22.9C22.98 21. 1621.0120.63 20. 1520.63 21 .B7 22.21 22.6623.76 24.7925. P826. 45 26. 38 26. 41 25.07 24. 12 24.06 23.24 23.02 22.54
ITERATION
3.7 530 £.9745 1.3303 2* r SC 5 3.2976 . 3,2 354 2.9 hC 72.23972.2332 1.5722 2.C516 2.C 337 P.5925 C.2239 C•6223 0. 6£C3 C-4313 0.4612 0.5974 C. 529 5 C.4333 0.2 439 0.2 424 r.2615 c.CbsaC.2 3 11 0*2947 C.2339 0.C99C C.3197 0.3169
2.C0 1.66 1.46 1.20 0.97 C. 96 1.07 1.01 1.32 1.35 1.28 1.1 1 0.6 8 0.7 3 0.69 1.04 1.14 1.17 1.12 1.0P "•S3 C.71 0.68 C. 67 0. 67 0.67 C.t7 C.C7 0.6 7 C.fc-5 0.63
ESTIMATES‘ E4CCCB.45443.457 9 4.46141• 46422. 46493. 46433* 46506. 4652C.4c 49 C » 46532. 46532.46752. 4679 5.467 53.46753. 46733. 46766.467 47.467 5C. 4676C.467 56.468 ) 4. 46335.468 62. 46333. 46321. 46332. 46317.463 I 4. 463P* 1 .
33. 70 39.43 43.4?
4'*.»7 4B • 36 4-5.or43.0 5
03. 7204. 5503 • £3 33.37 34.3?
20. 7C ?7.?705.52??.90
06.41 25.07- 24. 12
24.03 22. !<>23.9324.94 26.8? 29.6? 33.4? 36.49 39.63 41 . 4243. 35 45. 55 45.29 43. 50 40. S3
TPIT STATES TCO20.62 21.01PI.29 24.64 25.71 33.7? 39 . 42 43.4? 47,22
43.05 36.56 31.12 37.89 26.4434.4S 03.47 32.19 PS.56 29.03 P2.73
30.32.4]33. 17 34,1934. 54 34. 1834. 4635. 57 37,T2 36.63 36.83
34.
35.25 34.37 34. 4?
31*8230.01
2 7 • ? 4 32.98 31.92 27 • 76 27.47 T5.S2 S2.9C ?P.P? 21.16 21.P1
20. 15
26.45 26.35 26.41 25.07 24. 12 24.06 03.24 23.22 22. 54
TRUE 00 NOMINAL PARAMETERS CPTFC EA.7635 46934*C.7635 46934*0.7635 46934*0.7635 46934.0.7635 46934.2.7635 46934.0.7635 46934.0.7635 46934.0.7635 46934.0.7635 46934.0.7635 46934-0.7635 46934.0.7635 46934.0.7635 46934.0.7635 46934.C.7635 46934.0.7635 46934.0.7635 46934.0.7635 46934*C.7635 46934.P.7635 46934.0.7635 46934*P.7635 46934.C.7635 46934.0.7635 46934.C.7635 469-34.0.7635 46934.0.7635 46934.P.7635 46934.C. 7635 46934.0.7635 46934.
STAND0.RO DEVIATION CA CPTFC E3.0OPO 2.9255 2.8777 2.8160 2.5678 2.2909 1.9411 1.6479 1 . 4150 1.3134 1.2789 1,2526 1.IBC4 0.9011 0.7367 P.65S7 0.6143 2.. S*‘J9 C.5744 r.. 5612 0. S 412 C.5163 0, S1 48 0.5145
7071. 255. 241. 222. 200. IB3. 172. I 66. 163. 161. 1 59. 1 54.1 46.130. 121. 117. I 14. 1 12. I 10.109.107. 12 5.
S 432.5143 o.; 141 (MU? 2 ♦ f I 36 I!. f 1 33 0. 5130
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MODEL: 
PARAMETERS: 
ESTIMATOR: 
CONTROLLER: 
REMARK S :
T A B L E  A »  2 2
r:VM COZE 
3 STATE!S>
"FSU.TS rri'i TYPICAL r,*l
3D
CRTFC/E
B{F < UN I FORM NOISE) 
OPEN -  LOOP 
SIMULATION
1 -I -1 2 6-1
PARAMETER!S> I CONTROL!S>
ESTIMATION
AVERA3E ACTUAL TINES
DIAGONALELEMENTS PROCESS MEASUREMENT NOISE NOISE
0.250002 Oft 0.4C0O0E ftl 
C.25CBGE OS 0.4ftftCOE 01 
0.2SCO0E ftp 0*40000E ftlft.esencE 00 ft.eftOPCE 00
AVERAGE RESULTS OF I OP *l»!5
-2,23 2.19
-c .33 r.. is
-ft.22 ft.13 
C.C6 C.06 C*45 C* B 2
C.34 -e.cs
1. 2c c.cD
l.ftl C*C4 
C.S9 C.C3 
r. 7 c -ft.r.3 
2.53 -2. 1c
C.25 -C.IS 
C.C2 -ft.16 
-2-27 -C.15
-2-43 -ft.14 
-ft.52 -C.l!-2.42 -C.C3
-C.3E 2.25
-e .13 c .is
- r .i4  c.ss 
-7.25 r.21
-2.C2 -C.
AVERAGE FIAS 
CA CRTFC 
7.72 -0.9865 
-r.12 -2.9631
0.34 -2.B603 
1.39 -2.6512 
1.52 -2.6612 1.54 -2.4935 
1.43 -2.2C13
1.23 -1.6717
1.23 -1.2679
1.e7 -R.9S32 
ft.86 -0,9030 
C.84 -0.3424 
C.76 -P .3524 
0.77 -0-8669 
C.73 -C.5391 0.77 -P..70 13 
0.73 -C.SSG9 
C.69 -S .4233» 
ft* 69 -0.3156 
0.62 -2.2215 
ft.60 -ft.2720 r .  57 -ft- 1356 
7.61 -C .1765 
0.53 -0.1666 
G. SC -C.16G3 
0.53 -0.1583 
ft.4? -C.1563 C.54 -0.1569 
0,32 -3.1567 
0.52 -0.1534 
3.51 -0.1512
6934. 
1536. 
1243. 
1053. 
8 70. 
733. 
623. 
54ft. 
494. 
444. 
397. 
37B. 
352. 
340. 
324. 
306* 
292. 
27|. 
262. 
243* 
237. 
226. 
22! • 
209. 
2O0 . 
191. 
182. 18ft. 
173* 
169. 
165.
RMS ESTIMATION ERROR
0.00
0.93
0.83
0.62
0.49
0.64
1.051.32
1.42
1.3)
1.21
0.B8
TCO 0.00 
0-2 5 
0.22 
0.19 
e. 14 
0.17 
0.22 0.29 0.2] 
0.1 5 
0. 12 
C .20
0.52 0.33
0.31 C.32
0.61 
0.95 
1.06 
1.03 
G.9 5 
0.69 
0. 5E 
0. 34 
0.27 
C.27 
0.29 
0.32 
C* 3G 
0.29 
C* 30
CAcuce
1.83 
.1.75 
1.87 
1.39 
1.82 
1.68 
1.55 
1.47 
1.26 
I .08 1.02 
0.95
e.96
0.92 
0.95 
0.92 
Q.85 
0.9 1 
0.22 0.86 
0.33 ft.C6
AVERAGE FILTER STAN IT AFC DEVIATION T TCO . CA
2.73 2*77
f.52 1.99
7.57 1.56
0.35 0.30 
0.23 
0. I S 
0. IS
0.36 
0.13 
0.12 
O.l 3 
0. 1 3 
0. 1 1 
0.13 
0* 12 0. 13 
0.12
C.82 
0.8 1 
e.78 
0.75 
0.7 I 
0.68 
0.69 
0.63
2.00 
1.29 
1.72 
0.57
0.78 
0.82
1.G1 1.17 
1.23 
1* 17
1.74 
C.36 
C.'*P 
0.71 
7.5 6 1.02 
1.03 
1.07 
7.99 
ft.38
7.75 
7.67 0.66 
C . 6 5 
0,65
ft. 49 
0.51 ft • 5 c 
7.57
1.24 
1.20 1.11 
1 .75 I.Cl 
P. 93
7.84
7.37
0.73
P.77
7.27 
P.61 
7-87
7.49 C.72 
0.49 7.77
7.4? 7.77
7.49 P .76
7.49 7.76
2.9865 
2.9767 2.8965 
2.7213 
2.70 56 
2.6 559 
2.5261 
2. 1 34G 
1.79JC 
1.4669 
1. 3803 
1.2747 
1.2796 
1.2919 
1.2928 
1.1 503 
0. 9 548 
0*7 861 
6.6931 
0.5868 
0. 557 5 
>0.5355 
ft. 5245 0.5180 
0.51 16 
r ,n r.3  
P. 51 .*•# IS. 51 ttFC.5097 
ft. 51 05 
0.5110
69 34. 
1639. 
1304. 
1096. 
905. 
762. 
652. 
569. 
519. 
467. 
421. 
400. 
377. 
366. 
340. 
331 • 
31 S. 29 4. 
28 5. 
271. 
262. 
250. 
242. 
231. 
223. 
212. 
S?3. 
199. 
192. 
187. 
182.
3.C7CC 
2.9732 2.9467 
2.9262 
2.9 I54 
2*3344 2.5712 
2.1642 
I . 774ft 
1.499 7 
1.3421 
1.2717 
1.2*32
*66I. I 568 
1.0416 
7.9172ft. *3 I 4? 
ft.7423 
0.7716 
0.6827 
0.6762 
0.6749 0.6742 
ft.6740 
7.6717 
7.67-19 
7.6726 
0.6711 
ft.6773 
7.6712
669.
452.
2C1.
215.
194. 
106. 
181. 
1 76. 
171. 1 £6. 
1 67. 1*9. 
156. 
I 52. 
I 57. 
14 7. 
I 44. 141. 
129. 
116. 133. 
121. 
120. 
126. 
124.
COU TROLS 
TCI 
2C.CC 71.14 
N4. 39
29.26 
35* 00 
40.7 4
45.61
43.86
50.00
48.86
45.61 
40.74 
35. C0 
29-26 
24. 39 
2UI 420.00 
21, 14 
24.39
29.26 
35.C0 
35, CO 
35.0ft
35.00
35.00
35.00
35.00
35.00 35. 00
35.00
35.00
24*0323. 14 
2 3. 08
24, 87 
26. 47 
28. 47
32.4 3 
36. 39 
40.44 
43.99 
45. 57
45.96 44.86 
42.47 
39.36 
35.7832.05 
28. 66 
27.98
27.96 
29.35 
31.29 
33. 17 34.24 
34.75 
35- 50 
36. 19 
36.73 
36. 82 
36. 43 
36. 63
2C.60 20.34 
21.45 24. 1 5 
23.82 
34.27 
39.39 
43-83 
47.13 
43.62 
43.3046.08 
41.74 
36. 69 
31. 57 
26.80 23.55 
21-86 22.06 
24.64 
28.96
34.09 
34.7 5 
35.02 
34.88 
34.87 
35.21 
35.41 
35. 30 
35. 11 
35. 36
CA 
31.82 32,9? 
32. 56 
30*39 
31.06 
29* 44 
27.C8 
26.2!
24.77 
22.29 
2C-83 
19.62
18.78 
13. 44 
18.99 
19-82 20.91
22. 54
23. 33 
23.96 
24.98 
24.93 
25. 12 
24*20 
23.47 
23.77 
23.75 
£3.42 
23* 14 
23* 18 
23. 1 I
3.7 533 
3.4276 
2.79S3 
2.9C23 
3 .1CIC ‘ 
2.961a 
1.7312 ft-993 8 
ft.3736 
-0.2624 
-0 .I 147 
-C.2531 
C.ft 174 
C.134c 
3.1 254 
ft.I 121 
-0.C932 
-0.4137 
-C.ft713
C.1C13 
C.1635 
C. 1 473 ft. I 722 
ft• I 9 32 
C.1939 
P.I 976 
P.C-C7 5 
0.21)6 
C.176C 
C.l73!
2.CO 
1.29 
I.ftl 
C.84 
0*7 7 
0.57 
1.03
4CCCC. 
45561 - 
455 56. 
45371. 46136. 
A 6 i35. 
46G53. 
46270. 
46442.
46533. 
46579. 
4>569* 
46550* 
465a2. 
46603. 
46621. 
4> 665. 
46656. 
46631. 
46667. 
46646-
46675. 
46627. 
46589. 
46640*
46676.
4669 3.
4670 5. 
46728. 
46745.
P 1 .44 ■— * 1. ?
£~. f 5 ??• 43 35. 54
27.40 ?1 .3? " \ £ f£5.€5 29.54 33.83
£6.91 35.36 ro .ra
35. 25 35.61 25. 65
37.7? 42. 5? 2?.?341.93 45.9? 7? • ??
45.?3 4-, 19 P?. 55
45.04 47.3? £3. “4
4 6. ft7 47 . 79 21.26
46. 51 39.6? 13. 62
42.25 35. 51 17.74
4ft. 1? 32.32 ?r'.  53
35.9ft ft?. 6 6 Zr •??
31* 58 25.25 21.63
£7.34 21 .54 24.55
30.32 19.ftl F3.23
28. 77 23.59 £2.47
31.4) 31.16 f7,£5
?P. ft* 3( .0? ?3. 5335. p? 36.6? 26*9333. 15 37.15 21*17
31*85 33* ft 3 21 .23
37.03 31 .96 27. ?1
33. 79 36.17 26.24
39. 53 37,57 24* 5?37,?? 35.16 ? 4 * ft 4
33.16 . 32. c 3 75. 1ft37. ir 37.26 24.4?
T“VE STATEST TCO CA
£4.ft3 ?ft. 6? 31.3?
04-23 ?r,67 ? i. ?r26.3? 21.61 3j,a«
£4. 51 31* 6327. (2 2? .op 31*33
09 .84 34.22 3ft * 6?
33. 19 39-55 29-47
36.3? 44.26 ?7,?7
4?.?! 47. 52 £5.75
42.93 45.9? 24* ft 3
44.7? 4?-?? 32. 3245.21 45. 54 £2.79
44.4? 41-32 22.22
4?. 44 36. 1 3 I9.94
39.63 32*54 £2. 14
36* 4? 2C-22 22. 7?
33.30 22.99 £1.55
3?.75 £1.62 22 • 5929. 16 53. 53
23.77 ?5.25 24*57
29,65 2?,31 ?5*C3
31.66 34.45 ?5, 6?
33. 16 34.71 25* 5134.2? 34.55 25* 3335*?4 3c.eft 25*26
35.6? 35.29 24. 7ft
36-03 35.15 24.36
36.33 35-22 £4.25
36. 55 35.23 ??• 70
36.71 35.25 S3. 56
36.5? 35. S? £3. 23
TRUE OR NOMINAL PARAMETERS 
CRTfC E
0*7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
C.7635 46934.0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 469 34*.
0.7635 46934.
P .7635 46934.
0.7635 46934.
P.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
C.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934-
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.763S 46934.
0.7635 46934.
1.26 C.60
1.32 P. 57
r.( 3 
C«! 3 
2*62
STANDARD DEVIATION 
CA CRTFC E
3* COO0 
2.9782 
2.9554 
2.94B6 
2.9279 
2.7989 
£.5346 
2 .0226 1.5583 
I« 2660 
I . 1229 
I .0697 
1.0391 
S*9d 35 
C . 8 7 89 
0.7549 0. 6509 
0.5773 
ft. 5337 
ft.
C. 40 i7.
0.494)
R*4943 
0. 49 40 
0 . 4 J 39
2.00 
1 .99 
1.56 
1.35 
1.21 
1.12 
1,1/6 
i .n  e.93
0.9 4
0.51
0.77
7071. 
669. 
452. 
361. 
309. 
274. 248. 
229. 
214. 
202. 
193. 
186. 
181* 
175. 
I 73. 166. 
162. 
159. 
1 56. 
1 53* 
15ft. 
148. 
145* 
142. 
139.
t . -i) *»/ 
ft. /j)3ft 
0.4934 
ft . 49 29 
ft. 4???
f»f • 133. 
i II . 
129. 
126. 124,
2 9 9
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 2 3 rcrn.Tr f^ ti nTicAi.
3D
CRTFC/E
EKF (AUTO CORP. ELAT ED NOISE)
OPEN-LOOP
SIMULATION
CODE 
3 STATE!F)
1 - 1 - 1  2 6- 1
2 PArA*JETErcS>
9 IP I! Ic 12 14 1 *« 16 32-1 5 2 2  1 1
1 CO*lTri)L!S>
AVERAGE actual tines
ETTINATION CONTROL
P.39 1.43
ttJTFOl PROCESS MEASUREMENT
FIGHT NOISE NOISE
0.2C,0P.OE CO G» AOPPGE 01 
P.2500PE OO P.4O0GOE 01 
0-2S00OE GO G.4OCGBE*01 G.CCCOrE 00 
P.000COE 00
AVERAGE RESULTS OF 100 PUNS
CONTROLS
TCI
rn.ro
P I.1424.39
29.26 
35- GO
40.74
45.61 
48.8 6
50.00 
43.06
45.61
40.74 
35. OC
29.26 • 
24. 39
21.14
20.00
21.14
24.39
29.26 
35.eo 
3S.P0
35.00
35.00
35.00 
35-00
35.00
35.00
35.00 
35-00
35.00
ITSTATION
-P. 45 
-C. 19 
C.25
-G.26 
-C.2I 
-C . 1 3 -E. 1 5 
-G.l 3 -Z. 1 1 
-C.l 1 
-0.C9 
-C.CC
-C.22-p.se 
-0. 17 
-C. 13 
-G.C9 
-c .e i 
e. 11 
P.25
(%41
e.re
AVERAGE BIAS CA CPTFC
0.00 -2.9365 
P.PC -2.9710 
e.78 -2.9151 
1.17 -2.3675
1.33 -2.8695 1.42 -2.7420
1.34 -2.2492 
1.22 -1.5773
1.C9 -1.0864 
0.98 -0,-8559 
0.37 -B.7G28 
C.7 7 -Z# 7R35 
C.6C -C.SI67 
9.61 -P.9602 
G.6P, -R.9648 
C.59 -0.3337 
C•57 -0.8363 
e.52 -0.4547* 
0.47 -0.3300 
0.45 -C.2647 
".4/i -0.2325 P./i? -0.2232 
0.42 -C,2172 
0.42 -P.2180 
0.39 -0.2194 
C* 37 -e.?229 
0.35 -Z.2269 
C.33 -0.2304 
0.31- -0.2324 
Z.29 -0.2344 
C.29 -C.2387
6934. 
157 5. 
1205. 
9 69. 
801. 
670. 
567. 
486. 
429. 
387. 
353. 
330. 
31C. 
295. 
279. 
262. 
245. 
229. 
214. 
203. 
193. 13P. 
171. 
162. 
151. 
142, 
133. 
127. 
121. 
114. 
110.
24.03
23.2523.60
24.68 
26-38
28.76 
32.02 
35. 44 
35.64 
40. 7> 
42.28
43.68 
43.33 
42.7 2 
40.62 
38.30 
35. 68
33.60 
31. 54 
32.89
31.45
32.9 4
33.9 1
34. 69
35. 16
35. 34
35.46
35.76
36. 34 
36.6C 
36. 81
CP-60 
PP. 46 
21. 42 
24-38 
28.85 
34.18 
39-59 
44.17 
47.46 
43.91 43.21 
45. 54 
41.50 
36.34 
30*97 
26.23 
22.98 
21.74 
2P.48 
25.C9 
29. 30 
34.33
34. 69 
34.65
34.8 5
34.93
34.93 
35.04
35. I 1 
35. CS
34.9 5
CA
31.62 
3U80 
31 * 54 
31.6631.83 
31.19 
29.53
27.63 
2 5.47
23.02 
21.23
19.79
19.12
13.94
19.02
19.44 
20.33
21.12
21.94 
2P.73
23.45
23.83 
24.42 
24.71 
24.93 
24.70
24.22 
23.81
23.23
22.79 
22.35
RMS ESTIMATION ERROR AVERAGE FILTER STANDAFD EFVlATITi PAFAMSTEF. ESTIMATES
’ 23.of
25.91
23.33 
33.27 
35.73 
33.55 39-06 41.2? 
45.??
45.92 
44.61
41.71 
40.n
36.38
34.71 
30."7 
30.97 
32.46 
34-P0 
34.26
34.34 
34.4T 
32.70 
32.45
34.23
37.23 
36.3? 
36.6?
24. r? 
24-03
24.32 
25.26 27.12 2°.84 
33.19
36.32
40.21 
40.93 44.7?
45.21 44. 42 
4?.44 
39.C 3 
36.4? 
33.30
2°. |f
23.77
29.65
31.66 
33. 16 
34.25 
35. 24 
35*6? 
36.23
36.33 
36'. 5? 36.7J
36.32
25.74 
32.26
34.75 
42.60 
43.72 
46.92 
4= . 47 
4=.? 4 
46.1 I 
44-3 I 33.32 
3S.69 
-7. IT
23.8? ?4.54 25.-7 
26.36 
2? . 42
32.1 4 
33.32 
32.16 
33.11 
22.72 
34.21 
34. 4? 
3?. 33 
32.89
24*??
34.00
39-53
44.06
47.53 
4? .90
45.20
45.54
41.20
22.99 
21*63 
22. 36
22.0102.670^ .59
£?©6? 
26.T2 '
P3. 36 
2t.64 
21 ©54 
00.60
CA 
31.52 
21-5? 31. = ^  
31.63 31.3? 22 - 62 09.47
21.55
22.59
03.63
24.72
24.26
24.25
23.79
22.56
23.33
TRUE 00 NOMINAL PAFAMETEHS
ITERATION T TCO CA T TCO- CA ITERATION CETFC IT CRTFC E0 o.co p.oe Z.0C 2.PR 2.0? C 3.7503 40C0C. 0.7635 469 34-
1 0.85 0.23 2.07 1-29 0.52 1.9? 1 * 3.2562 45220. 0*7635 46?34.
2 1.09 0.22 2.23 I .PS e.5o 1.56 2 2.9 93C 4S680. 3.7635 46934.
3 1 * 09 0. 19 2.35 0*37 0.49 1.34 3 2.3903 46036* 0.7635 4>934«
4 0.92 0.17 2.36 0.73 R.51 1.20 4 3.0991 * 46341. C.7635 469 34.
5 0.84 0. 19 2.25 0.32 0.54 1.11 5 3.306S 46491. 0.7635 4>934.
6 1.06 0.24 2. 13 2.93 P.56 1.05 6 2.7063 46513. 0.7635 46934.
7 1.37 0.29 1.99 1.15 0.57 1.01 7 2.3493 46526*. 0.7635 469 34.
8 1.61 0.23 1.B6 1.23 ".55 P. 73 8 2.2754 46513. 0.7635 469 34.
9 1,76 C.21 1.76 1.13 0.52 0.94 9 2.7671 46421• 0.7635 469 34 i10 1.64 0. 16 1.69 1 ..04 0.5? 2.8? 10 3. OS 07 46376* 0.7635 469 34.
I 1 1.33 0.35 1.6C P.54 P .55 0.84 1 1 2.5772 46373. 0.7635 46934,12 0.88 0.52 1 .47 0.-C 0* 6? r.3P 12 2.3531 46418. 0.7635 4 6934.
13 0.56 0. 54 1.38 0.74 0.61 0.7!- 13 2.2 60 3 46465. 0.7635 4C934.
14 0.7 1 S. 54 1.32 0,88 0. *8 0.77 14 2.2646 46436. 0*7635 469 34.
15 U1 1 2.49 1.33 1-01 0.55 0.73 1 5 2.5363 46503© 0.7635 469 34.16 1.34 2.38 1. 32 1.06 0.53 0.7? 16 2. 5476 46544. 0.7635 46934.
17 1.43 G. 26 1.32 1.05 C.5J* 0. 3 0 17 0.6622 46561 © 0.7635 469 34.
18 1.46 G.21 1.34 C.97 0.49 0.80 13 S.3316 46563. 0*7635 469 34.
19 1.29 0.33 1.36 C.06 0. 50 0.8* 19 2.3726 4657 5. 0.7635 469 34,
20 l.‘C2 0* 50 1.33 0. 74 0.51 P.30 £0 2.4196 46592. 0.7635 469 34,
21 0*71 0.62 1.33 0. 67 0.54 0.30 21 2.4129 466C9. 0.7635 469 34,
22 0.62 0.39 1.37 0.66 P.. EZ C. 7? 22 2.2959 46664© 0.7635 469 34-
23 C. 59 0.68 1.35 0.66 0.50 0.73 £ 3 2.2255 46716© P.7635 469 34,
24 0-57 e.64 1.31 C. 65 0.51 0.7? 24 2. 1 613 46772. C.7635 46934,
25 0. 57 0.49 1.27 0.65 0.5Z 0.77 25 2.124? 4679C. 0.7635 469*34-
26 G. 56 0. S3 1*.2S C.65 0.5? C. 76 26 2* I 053 46781. 0.7635 469 24,
27 0.55 0.38 1.22 G. 65 0.50. 0.75 27 2.0961 4677 4. 0.7635 46934.
28 0. S3 e.22 1.19 0.66 P. 50. 0. 7C 23 2-1132 46754. 0.7635 46934,29 0. S3 0.20 1.18 R.66 0* EC 0.75 29 £.1212 46733. 0.7635 469 34,30 0. 55 0.20 1.16 0.66 e. 5z 0. 7C 33 2. 1361 46717. 0,7635 4 6934'
RMS ESTIMATION ERROR AVEPAGF Fll TE° STANDA”? CEVIA719I STANDARD DEVIATIONITERATION CRTFC E C' i rc E 1 TEF.AT I ON T TCO CA CRTFC E0 2.9 8 65 69 34. 3 .rrro 7071 - 2.00 2- CC 2.00 3.0000 7B71»1 2.9833 170-G. £.9732 669. 1 1.29 0.52 1.99 2.9782 669.2 2.9 602 1321. 2-9443 452. 2 I. I* I 0. SC 1 .56 2.9532 451-3 2.9 404 1G8 5. 2*9232 262. 3 C.65 0.49 1-34 2.9 429 360©4 2.9 401 416. 2.9108 31*0. 4 0.77 0. S2 1.21 P.9237 3P3.5 2.8 424* 78 5. 2.8 37 i 276. 0.5 7 0. 56 1.13 2.7972 273*6 2.5632 688. 2.6376 250. 6 1.0 6 C. 56 1.07 2.499 5 247.7 2.2033 61 1. 2.F21P 231. 7 1.21 C. 56 1.03 2.P762 227.8 1.99 51 556. 1.3205 215. 8 1.23 C. 53 0.99 1 .69 69 2.1 1 .9 1.9217 516. 203. 9 1.17 0. 50 0.94 1.4403 200.10 1.84)9 439. 1.3637 194. 13 1.04 C. 69 0.89 1 . 2? 47 191 •I 1 1.8 307 47C. 1.292? 18 7. 1 l 0.90 C. 49 C« 6 4 184.IS 1.83)6 453. 1*2536 13 1 * IC 0.7 6 0.50 C.SP 1 . 1986 178.13 1.850) 441 • 1.2101 176. 1 3 0.69 0.53 0,77 1 . 1917 174.14 1.803) 427. 1 * 1357 171. 14 2.73 C.S4 C.76 I * 1 60 6 169.1 5 1.6201 416. 1.0273 16 7, I 5 C.9 3 0*53 0.76 1,7345 1 65** 16 1.3802 40-2. P.91PS 163, 1fe 1.02 0,51 C • 77 0. .98 66 161.17 1.2 177 337. 0-3159 1 c>. 1 7 1. OC 0. 50 0.78 0.8)47 153.16 t. 1273 374. 0.7475 156. 13 0.98 0. 49 0.79 0.3251 154.19 I.GB33 363. 0.7P7! 153. 19 0.59 •C-49 0. • ? 0 0.7*10? 151.20 1.079 5 354. 0.6576 153. 20 c.er 0.4? 0.80 C.756S 149,21 1.0766 344. 0.6733 147. 21 0.7 2 0. sc 0.79 0.7471 146.22 1*0913 335. P.6754 145. 22 0.70 0.49 0.78 0.7434 143.23 1. 1016 327. C-6723 143. C 3 0.69 0.4 9 0.77 0.7«14 140.24 1.099 5 316. 0.6706 1 39. 7.6 3 r . o ".77 0.7M 1 1 Pit.PS 1.1 789 306. 0-6702 136. 3 5 7 « 49 0.77 0.. 7 40 7 135,
£6 1 • R9rl 1 P99. 0* t 699 133. £6 0*63 0 . 49 0.7 7 0,7 1.04 132.27 !.r93 5 292. 0*6!95 131. 27 0..€‘3 0.4? 0.7c 0.7 4!.? 1 JO.£8 1.09 53 237. P.CC-J? 128. 0. cd 0.49 C. 7 6 0.7399 I«7#
29 1.0925 £8 0. 0.6680 125.^ 2? C.63 C.49 P.75 0.737? IP*.30 1*0933 27 5. 0.6665 126. 0.!d 0. 49 C.74 C. 7 38-1 1L3.
300
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A .  2 4 RESULTS FROM TYPICAL FUN
3D
CRTFC,E
EMEC UNI FORM NOISE)
OPEN-LOOP
SIMULATION
clement 1 2 3 4 5 6 7 8 9 10 11 12 13 14 |3 16 14T'..i COSE -2 1 1- 1- 1 2 6-1 1 2 - 1 5 2 2 1 1 15
2 STATE!E) 2 PARAMETER! S> 1 CONTROL!?>
16
17
A EF A j E ACTUAL TIM ESTIMATION 55 0,10 CONTROL1.59
IB19
20
TIA33MAL STATE CONTROL PROCESS "MEASUREMENT”
21
22ELEMENTS WEIGH'T '’EIGHT 191 EE NOISE 231 8•CPCCZE PC 0.25C0CE 00 242 C.CC2CC-E 00 0.25G00E eo 2S3 0.250CCE OO
AVERAGE RESULTS OF 100 PHIS 
AVERAGE RIA?
26
27
28
29
30
re
ITERATION 7 TCO CA CRTFC E ITERATIONC C.CC Z.PO ?.R7 -2.9855 6934. 01 C.CC C.CC 0,07 -2 .c374 1533* 12 c.cc P."? ", CO -1.6763 1?73. 23 c.cc c.cr c.rc -i.??6B 1 107. 34 P. CO. o.ec 7.33 -2*i34p „ 976. 45 c.cc c.cr C.r? -1.4793 872. 56 ' c.cc 0*0? C.05 -C.5925 777. 67 c.cc C.CC C.2R -G •5574 692. 78 c.cc C.CC C.CC -0.4(01 423. 89 c.re c.nr c.cc - 0*433? 573. 912 c.cc C.CC C.co -c.2357 526. IP11 c.cc 0.00 C.CC.-0.3773 498. >112 c.rc 7.00 C.CO -0.3343 473,. 1213 c.cc r.ec R.rr -c..i?27 457. * 1314 c.rc C.C0 4.73 ~C.1263 444, 1415 c.cc c.cr 0.00 -0.0702 433* 1516 C.2 2 e.CP C.CC -7.F441 •l?6. 1617 c.ec 0.03 e.rc -C.03P7 416. 1713 ?.r z C.CC. C.OC -0.0234 412. IB1? c.r? C.CC C.C3 -0.0184 404. 1923 c.cc C.CO C.CC -0.C161 397. 20
21 c.c ?. C.CC C.CC -C.C265 337. 21*22 c.cc C.CC C.CC -7.0233 379. 2223 c.re C.CC C.7P. -C.C291 367. 2324 c.co Z.CK C.OP -3.0271 357. 2425 e. ro C.CR 3.GO -0.C3CC 346. 2526 r.cc 3.PC P.03 -0.7284 336. 2627 c.cc C.CG C.CO -C.C279 330. 2723 c.cc C.CC C.SC -C.2267 322. * 2029 c.cc e.CO C.CC -2.P254 316. 2930 c.cc C.CC 0.00 -0.C241 310* 30
r is F5T! lAn*I *) 1 A* ' F“A .’’YU'C r ~“! 171 1;ITERATION CRTFC E C“-t-c ITERATION0 2.9865 69 34. 70 71 .1 0.396? 1 54 5. ?. 50 I | 1 55. 02 2, 2916 1?'<0. 1
3 3. 4409 1114. fa 19*, 24 2,6206 933. 1.7394 1 I 7.5 2. 1228 079. 1.5694 10**6 1. 3 522 784. 1. 1085 101. 57 0.9672 700. P.8053 95.8 0.7985 636. 0.6497 90. 79 0.7059 580. C.5864 et a. 010 0.6670 534, 0.5690 52. 9101112
13
1 1 0.6613 505. fa 5674 50.12 0.6206 430. C.543? 73 .13 0.5257 464. 0.49 59 7£.14 0.4609 451. C.4277 75,15 (3.3948 441. O.3698 7/i. 1 416 0.3444 434. r.33C6 7?. 1 517 0.3103 425. 0.3733 73, 16 
1818 (1.3202 419. 0.C9?5 7?.19 0.3 ICO 412. C.0961 71.20 C.3091 404. P."955 71. 202122
21 C.3126 39 4. r.??17 70.22 0.3123 . 38 5. 0.24T9 f 9 .23 0.31 II 374. 0.?9p.7 63.24 0.3104 363. 0.2906 67. 232425, 25 0.3108 353. 0.C9C5 66.26 0.3120 343. 0.2903 65. 2627 0. 31 I 5 336. 0.2901 64. 2728 0.3106 328. P.2393 63. 28
2929 0.31 10 322. 0.2394 63.30 0.3119 316. 0.2859 62. 30
CONTROLS 
TCI 20. 00 
21. U
24.39
29.26 35. 0040.74 
45.61 
4B.86 
53. CO 
43.86 45. 6140.74 • 
35. 00
29.26
24.39 
21. 14 2G.P0 
21.14
24.39
29.26
35.00 
35. OP 
35*00
35.00
35.0035.00
35.00
35.00
35.00
35.00 
35. 00
?4.r? 
23.39 
22,93 
24.80 26. 4? 
28.61
36.75 
40. 60 
43.77 45.60 46.21 
4 5.66 
43.3? 
4". 37 
36.33 
33. 17 
29. SC 23.59
29.9/4 
3”. 98
33. 14 
33.96
34.C3 
35.24
36.44
37.45 
37. 53 
36. 53
36.76
21.93
23166
34.35 
38.3 5
43.43 
46.56 
45.41 48 . P 6 45.40 
41.34 
36.46 
31.3? 
26. 73 
23.79 
21.73
21.36 
24.33 
27.4**34. 77 
35- 1 4
35.43 
34.52 
34.1 7 
35.3? 
35.92
35. 38
32. 1 3
33. 57 
32.24 32.47
26.54 
?4. 1322. 4?
21. C? 
2?.7623.71
24. 1"4
25.45
25.*1
25.72 
24.4? 
23.2924.24 
24.55
24.24
23.32
23.33 
23.95
CRTFC 3.7 500 
1.2289 
-1.1932 -1 •8150 - I . I 569 
-0.9992 -0.9333 
-S.Q60 5 -P.. 820 4 
-C.6 117 
-0*3103 
-0.8174 
-0.7636 -0.7088 
-2.6535 
-C.5923 
-0.5667 
-0.5624 
-0.5388 
-C.5371 -P.526C 
-0.4970 -0.4990 
-0.4935 
-0.4957 
-0.4970 
-0.4962 
-0.4941 
-0.4923 
-0.4966 
-0.4963
ESTIMATESE4O0OO. 
45465. 
45747. 
45871. 
46063. 
46150. 4618 r. 
463C6. 46417. 
46454. 
46500.
46527.
46528. 46521.
46529. 
46S34. 
46539. 
46553. 4655.4* 
465SC. 46566. 
46563. 46580. 
46565. 
46553.46 573. 
46592. 
46603. 
46613. 
46629. 46640.
f r 7FC0.7635
0.7635C.7635
C.7635
P.7635
C.7635C.7635
C.7635
0.7635
C.7635
C.7635
C.7635
C.7635C.7635
C.7635’
C.7635
r.7635
C.7635
C.7635
C.76350,7635
C.7635C.7635
C.7635
C.7635
C.7635
C.7635
C.76350.7635
0.7635r.7635
46»34. 
46934. 
409 34. 
46934. 
469 34* 
46934. 46034. 
46934. 460^. 
46924. 
46024. 
4*034. 
46934.
46924.
46924.460?/,.
4(334* 46924. 
46934.4*034.
469 24. 463?4« 
46934. 
46924. 
46934* 
46934. 
46934. 
46934. 45034. 
46734.
STAN PAR P PFVI ATI ON 
CA CRTFC E3.crop 
2.5911 2.C305 
0.9612 
C.1263 
C.1294
7C71. 
155.
o. irss
0. 1184 
0.11FS 
0.1137 0.1134 
0 .113C 
0.111? 
e. 1C74
0 . 10 49 
0. ICI3
C.0986 0.0973 
C.CO64 
C.P961 C.r958 
0.09 52 
0.095? 
0.0951 0*0951 
0*09 51 
0. 09 51 
0.P95I 
C.09 5C 
C.C95? 
0.0949
117.ir-o.
IC2.
95.90*
3 5.
3 0 1
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A *  2 5 RESULTS FROM TYPICAL TUN
3D
CRTFC/E
EMECAUTOCORRELATED NOISE)
OPEN-LOQP
SIMULATION
t.VJ CODE 
3 STATE!D
2 3 ii 5 6 7 8 
I 1 -I -I 2 6 -J
2 parameters)
le II 12 13 14 IS 16 
2 -1 5 2 2 1 1
1 COMTPQLC S>
AVERAGE ACTUAL TIMES ESTIMATION
PROCESS "MEAFUPFMENT’* 
NOISE NOISEc.r-ccecs ep, 0.250005 00 
C.CC03BE 00 0.25000E 00 
O.2580OE 00
AVERAGE rSSVLTS OF ICO PUNS 
AVER
o.rc
c.eez.re
c.rce.ee
e.ce
c.re
c.ce2.22
.CK
0.C2?.C0
G.C?0.00
C.SC
C.OC
c.ce
C.C0e.ec
c.cee.ee
c.ce
c.ce
r.ec
o-eec.ce
e.ee
c.ce
c.ce
c.eo0.30
c.c?
c.ce 
p.re 
c.ce e.cc
clr?e.r.e
c.cee.oee.cc
P.CP
e.cft
c.ogc.co
0.0c
AGE PIAS 
CPTFC 
-2.9365 
-2.1224 
- 1.7335 
-2. 1731 -2.3245 
-1.£735 -P. 7726' 
-e .4270 
-C.333! 
-2 .3P9 5 -C.F323 
-3.P97P 
-r.2196 
-F.2769 
-0.1743 
-e.C?37 
-P.. 0472 
-0.C271 -C.0132 
- f .0173 
-e.e?c3 
-0.0303 
-0.0376 
-0.0425 
-2.0461 -C.C497 
-C.0S34 -O.Z5CO 
-B.C573 
-0.C594 
-0.0619
6934. 
1551. 1276. 
1097. 966. 
863. 769. 
(3 5. CIA. 
563. 523. 49 3; 
470. 
452. 
437. 
42 5. 
416. 
408. 400. 
39 3. 
334. 
374. 
362. 
350. 
323. 327. 
317. 
3C8. 
300. 291. 
284.
£•I 023 
1.4252 
I. 1335 
1.0615 
I.S77C 
1.Z93? 
1.C974 
l.C » 1C 
C.8273 
C.61£5 C.5IC3 
0.49(9 
2.5116
0.5201
C.5265 
C.£296 
0.521I 
P.5327 
0.5324 
C.5315 0.5316
C?34. I 560. 1 28? . 1115. 
939. 
833. 
793. 
717, 
650. 
599. 
561. 
533. 
511. 
49 5. 
431 • 471. 
462. 
435. 
447. 
440. 433. 
423.
413.
40 2. 
391. 
330. 
371. 
363. 
355. 
347. 
340.
1.62(3 
I . 1737 0,3245 
0.6533 P. 59 51 
0.5736 
0.5739 
P.. 5476 
0.49 47 
0.431? K.3739 
P.3334 
P.310? 
0.3003 
P.P98C P.P906
P..P9 13 
P.2902 0,2397 
0.289 5 0.P893 
0•2889 
0.P8S5 
0,2381 
0.2376 
0.2870
CTITF.OLS MEASUREMENTSITERATION TCI r TCO CAC se.er 241.03 PP,. 60 31 .8?I ?1»14 P3<.42 20,.97 31.34£ 24. 39 23,, £0 Rl ■► 66 3?* 1 53 29.26 24,, 36 24,► 55 32.584 35. CC 26, 16 23.► 5 2 32.97s 40.74 23..90 33,► 33 32*606 45.61 3?.• 54 39.,37 31.187 43.36 36.• 03 43.,74 29. 17a sr.ee 39, 29 47,.06 26.8 19 48.36 41.► 33 45,.61 23.941C 45. 61 42.■ 59 43,► 1 I 22.0011 AC. 7 4 43.,66 45,,66 ?0. 7312 35.GC 43.. 65 4?,.33 20.3413 29.26 42.. 44 37.,26 20.3414 24.39 4P, 16 31 ,► 74 20.39. IS 21.14 37.► 7 1 P6..58 20.3016 gc.ee 35,,Pl ?3,,59 21.7517 21.14 32. 93 22,,64 22.45IS 24.39 31.,06 23,.26 22.9019 29.26 30. 71 25,.43 P3.44
22 35.0C 31. 76 29,,26 24.0021 35.23 33. 83 33.,36 2<. 1822 35. ee 34, 95 34..24 24.8423 35. CC 35-.09 34,,63 25.2624 35. ce 35.,94 34.>41 25.6525 35.2c 35., 54 34.,64 25*3226 35. e2 35. 03 34.► 50 24.6627 35.20 35. 13 34..3! 24.2323 35. CB 35..84 34. 89 23.56*29 35. CC ■ 36,p 10 34. 43 22.9930 35.CB 36.>33 34,.05 22.36
PAHAMSTER 
TION CRTFC 
3.7 500 0.7983
-0.3376
0.9233 2.0769 
£.21921.B431 
1.6361
•I.CC94 
1. 8 47 3 2.0145 2.0001 1.5929 
1.7164 
1.5638 
1.6053 I . 5979 
1.6183 1. 5455 
I. 5720 I.5834 
1. 5367 
1.5234 
I . 5260 
I . 5224 
1.5080 1.4986 
1.49 53 
1. 497 5 
1.5012 1.5066
4800C.
45372*
45655.
45384.46PS 3*
46226.
46313.
4638C.464? 4.'
46423.4C429.
46433*46462,
46483.
46503.
46 513.46527.
46534.46534.
46534. .
46533.
46542.
46565.
46592.46624,
46642. 46647. 
46650. 46646.
46643. 46637.
TP.l’E IT NOMINAL PARAMETERS 
C^ TFC E
C.7635 469 ?q»
C.7635 46934.
0.7635 46934.
0.7635 45934.
0.7635 4(934.
0.7635 4(934.
C.7635 4(9 34*.
0.7635 46934.C.7635 4(034.
.7635 4^ 934.
STANDARD rE’M/i 
CA C^ TFC 3.C0.CC 
2.591 1 
2, 1933 
1.7654 1.4164 
1.1413 0.9PC4 
0.7287 0. 6213 
0* 571?0.5542
0* 5133 
C.4675 
0.4135 
0.3736 
0.3437 0.3357 
0.3313 O.3314 
0.3301 
0.3301 
P.33*1 
C.333C 0.3293 
0.3298 e.3293 
0.3297 
6.3296 
0.3294
7635
.7635.7635
.7625
.7635
0.7625 
C.7635 
0.7635 
0.7635 
0.7635 0.7635 
0.7635 
0.7635 
0.7635 
C * 7635 
0.7635 0.7635
7071. 
155. 
139. 
126. 
. 1 ,7' * ir?.101.
?2£* 
46934. 4A92A. 
46934. 4(9 34. 4(034. 469 34. 
46924. 4(934. 
4(9 34. 
‘469 34. 
46? 34, 
4(924. 
4692$, 46934. 
4C934. 46934. 
46934. 
46934. 
46934, 
4*9 34.
(
302
T A B L E  A .  2 6 resilts rra.i typical
MODEL: 3D
PARAMETERS: CRTFC/E
ESTIMATOR: EKF( ALTERMATIVE P CALC*)
CONTROLLER: OPEN-LOOP
REMARKS: SIMULATION
3 STATE! S>
AVERAGE ACTUAL TIMES
I I -I £6- 1
£ PARAMETER!S> I CONTROL!
process measurementNOISE NOISE
0.250COE Cfl B.4C0PCE 01 
C.25BG0E PC 0.4CCC0E 01 
G.25G30E CO 0.4CPBDE 01 
c.coeccE co 
o.ecocoE co
AVERAGE RESULTS OF ICC HUMS
ITERATION TCO
C.CC
r.74 
C.93 1« C 2 
C.96 
C.7S
e.27 
-P.C3 
-2.£7 
-0.4 4
-C.29 
-0 •£ 4 
-C. 17 
-P.C6 
-C.C4 
-C.C3 -C • C 4 
-C.2C 
C.CS 
e.R3 
-C.C1 
-C.C3
-c.se
-P. Cl C.G2 
C.P3 
-c.ct 
-C.G2 
P.62
AVERAGE EI as 
CA CF.TFC 
C.CS -2.9365 
P. I 3 -2.9599 
S.30 -2 .ecu1.25 -2.75C1 
1.49 -2.6721 
1.54 -2.5137 
1-43 -2.1742 
1 .25 -1.7C93 
1.15 -1.3211 
I .02 - I. 1057 
E.9E -C.3629 
0.83 -e,334l 
0.72 -0.8366 
S.72 -S .9233 
C.71 -C.82C4 
0.7.1 -C.6960 
S.eO -0 •5126 ‘ C.65 -P .3757 
0.60 -0.2883 
C.61 -C* 25S3 
Z.58 -0.2313 
C•55 -C-2171 
0.54 -2.2C64 
C. 55 -C .1993 0.5B -0.1915 
P .52 -C .1696 
0.47 -C .1836 
C.47 -0.1864 
2.45 -0.1872 
C.41 -e.!8G9 
0.43 -0.1905
Cl. 14
24.39
29.26 
35-00 
40.7 4 
45.61
48.86
50.00
48.86 
45.6)
40.74 
35. 00
29.26 
24* 39 
21.14
20.00 
21. 14
24.39
29.26 
35*00
35.00
35.00
35.00
35.00 
35. C0
35.00
35.00 
35. 00
35.00 
35. 00
STATE ESTIilATES
cr.ee
05.06 
25. C2
26.85
29.79 
34.74 
34.59
35.80 
3*i. 46 
43.51
46.98
44.03 
4". 1 4 
39.67 
33. 53 
33. 23 
2 5. 43
30.99 
31. 39
32.06 31. 05 
33.98 
33. 13 
31.32 
33.93
37.85 
40.64
35.04 
37. 10
33.9c 
34.09 
30. 19 ?6.?6 
C?.24 
05. 10 
19, 48
Ut ,06
4-».46 
49 . 30 
4? . 1 4 
46.75 
45.5 5
03.13 21.56
25.41 
31.CO 26.91 
27.51 
21.94 
21.49 
23.SB 
£1.16
£1. 55
37.22
35.54
31.51
30.07
T*U'F STATESE ITERATION r TCO CA r TCO CA
69 34. 0 24.03 20,,60 31..82 24,.03 ?o,,60 31.3216P9. I 22,• 8 6 20..44 32,, 46 24,.03 20,.60 31. ?£
1226. 2 24,,03 21,,35 32,,29 24,.30 21.*61 31.sr1 006. 3 25,> 10 £4.,44 32.,20 £5..06 04,.51 31.5?645. 4 26.,78 £0,,06 32.• 04 27,.12 25,.92 31.33712. 5 29 .20 34. 1 3 30.,49 29,,84 34,.20 30.62635. 6 32..76 39.■ 54 £8,24 33.. 19 3?,,53 29 .47520. 7 35, 70 44,,C8 CC.■ 59 36..80 44.>26 27.37470. 5 38,.78 47. 51 £4,-7 * 40.."1 47,,53 25.o?429. 9 4C. 66 43.• 98 22,.28 42.,9S 49.,92 £4.0339). 10 42. 73 43, 28 2)., 1 5 44,.72 48,.22 £?•??368. 1 1 44.,93 4 5, 66 19,,81 45-,21 45..54 £0.7?341. 12 44. 68 41. 82 19..44 44,,40 41.>3C 20. CO325. 13 42.99 36. 46 19.-23 42,. 44 36* 13 17*94306. 14 40,,39 30,,97 19,> 1 4 39,,63 30.,34 20. 14290. 15 37.,99 26, 22 19,,64 36,.42 £6.,22 ?!*.?£273. 16 34< 51 23. 10 20..84 33..30 22..09 21-5?257. 17 32, 37 21. 63 21.,43 30,,75 £1.,63 22.57244. 18 29.. 47 22,,38 22., 4? 2°,, 16 rc,,36 23.63235. 19 29. 37 24.8 3 23. 44 ?5,,77 25, 05 £4*57225. 20 30,.20 29. 02 24,.38 29. 65 £9..31 £5.03213. ■ 21 31. 96 34. 04 24,.75 31.,66 36. 43 £5.6?204. 22 32,► 99 34, 59 25. 67 • 33., 16 34. 71 £5.61196. 23 34, 09 34. 93 25. 51 34.,25 34,,33 £5.3?184. 24 34. 68 34. 82' 25. 41 * 35.► "4 35, 00 f t .p f177. 25 34.,98 35. 07 24.. 50 35.,62 35, 24. 70170. 26 35. 43 35. ei 23. 77 36., 03 35, 15 24. 36164. 27 36, 12 35. 26 23. 52 36,, 33 35,► sr 24.05158. 28 36. 89 35. 26 £2..87 36., 55 35. 23 23.7?151. 29 36. 7 4 35. 04 22,,75 36. 71 35. 25 23*56147. 30 36, 88 3 S. 06 22*43 36..32 35, 27 £3.33
ITERATION T TCO CA T TCO CA ITERATION CF.TFC E CRT Ft E0 O.CC C.CC 0.00 2.C0 2.20' 2.00 0 3.7S30 4CCO0. C.7635 46934-
1 0.84 0.23 1.92 1.29 P.52 1.99 I 3.1355 45374. 0.7635 46934.2 0.80 0.21 1.73 1.02 R. 5C 1.56 2 3.3c43 4590-4. 0.7635 46934.
3 C.70 0.17 1-71 0.27 0.49 1.34 3 3.3423 46218. 0*7635 46934.
4 0.47 0.15 1.81 0.73 0.5! 1.20 4* 3.3741 . 464 57. 0.7635 469 34.S 0.57 0.17 1.81 0*22 0.55 1.11 5 * 3*C333 46437. C.7635 46934.6 1,0 0 0.22 1.66 l.Cfc 0.57 1*05 6 usses 46364. 0.7635 469 34.7 1.27 0.2) 1.49 1.17 0. 57 l.n 7 £-. 2 I 37 46394. 0.7635 46934.8 1.43 0.20 1.33 1.22 2.54 r.93 3 2.250) 46412. 0.7635 469 34.9 1.45 C. 1 5 1.27 1 . 17 r.si 0.94 9 2.9702 46291. 0.763S 4 69 3 4 •*10 1.08 E* 12 1.18 1*04 R.49 0.89 10 2.851 I 46363. 0.7635 46934.11 0.8 2 0. 19 1.07 0*36 0.50. ".34 11 1.7439 46433. 0.7635 46934.
12 0.49 C.25 0.94 C * 70 C. 54 0-5 0 12 1*4 540 46543. 0.7635 46934.13 0.29 0.27 r .91 0*70 0.56 2.73 13 I . 5122 46 55 6. 0.7635 46934.14 O. 59 0.32 0.88 0.36 0.56 0.77 14 1.5626 46578. C.7635 46934.
I'S 0.87 0.28 C • 88 1*02 0.5 5 0.77 15 £.0033 46 591. 0.7635 46934.
16 0.99 C.22 0.3 5 1 .09 0.52 0. 79 16 1.57C9 46651. 0.7635 469 34-17 1,03 0. 17 0.64 1.07 2.52 P.*!' 17 1.7232 46635. 0.7635 46934.18 0.9 1 0.16 0.84 0.99 0.49 0.8? 13 1.043? 4663C. 0.7635 46934.19 0.70 0.24 C.82 C.83 0.49 0.8 1 19 1.1377 46645. 0.7635 469 34.20 0.55 0.32 0.80 C. 75 0.50 P. 31 £0 1. 1377 46673. 0.7 635 46934.21 0.35 0.36 0.79 0.67 0.51 0.2? 21 1. 1 042 46683. C.7635 46934.22 0.33 C.l S 0.76 C, 66 0.49 r. 7? 22 C.9 624 467 6 5. 0.7635 469 34.23 0.28 0.13 0.76 0*65 0.49 0.73 £3 0.9475 46787. 0.7635 46934.24 0.29 0.1 1 C.72 C. 65 0.49 0*77 24 0.9 37C 46819. 0.7635 469 34.25 0.32 C.l ! 0.69 0.65 0.49 C. 77 25 0.9 SI 1 46779. 0.7635 46934.26 0.28 0.12 0..6B 0.65 2.49 0.76 26 C.9 553 46746. 0.7635 46934.27. 0.27 0.12 0.66 2.65 2.49 C. 76 £7 C.9576 467 51. 0.7635 469 34.28 0.25 0.13 e.6? B. 66 0. 49 0. 7C £3 0.9391 46738. 0.7635 46934.29 0.28 0.1 3 0.65 P.66 0.4? P. 75 29. C-97C3 467 35. P.7635 46934.30 0.29 C.I3 0.65 0.66 0.4-9 0. “>4 3? 0.9899 46724. 0.7635 46934.
ESTIMATION ERROR AVERAGE FILTEF 57ANDARC CE**! ATI ON STANDARD DEVIATIONCRTFC E C’TFC E ITERATION T TCO CA CRTFC E£.9665 69 34. 7P71. 2.C0 £.00 2.00 3.CO0O 7071.2,9728 1712. 2.9732 ec9. 1 1-29 P. £2 1.99 2.9782 669.2,8931 1287. 2.94*6 452. I. CO P. £0 1.56 2.9565 451.2.7951 10 44. 2.9256 361. 3 C.8S C. 49 1.35 2.9457 360.2.72C8 88G. 2.9153 310. 4 0.77 0.51 1*21 2.9344 308.2. 6 588 747. 2.3281 275. ?.3d C. 55 1.13 2.8390 273.2.527 5 634. 2. 58 46 2r-0. 6 1.04 0.57 I ,07 P .5524 248.2. 1006 546. 2.1772 £32* 7 1.2 5 D.59 1 .02 2* 0565 228.1.8079 49 3. 1.7917 £1 5. a 1.25 P. 53 0.98 1.6641 2)3.1.6117 453* 1. 5146 203. 9 1*17 C.5C 0.94 1.4123 201.1.2 544 418. 1-3561 19 4. 10 1 • C 4 0.49 0.63 1.271 I 192.1.1930 39 3. 1.2=159 13 4. 11 C.S9 r.49 0..54 1.2027 185.I.2075 '367. 1.2647 131. 1 £ 3.7? 0.52 c.un 1 . 13 45 180.1.2230 352. ! .2413 i7e. 13 0- C» 56 0.77 1.1684 175.1.2210 333. 1.1738 1 71. 14 2.5 5 C. 56 C .76 1 .1092 17(5.1.0643 317. 1.0543 iee. IS l.C 1 C»54 0.77 1.0035 166.0.9001 299. 0.9255 142. 16 1.06 0.51 0.73 0.8937 162.0.7807 283. P.3192 1 f 9 . 17 1.0 5 0. 50 0.79 C.7991 158.0. 68C3 270. 0.7444 154. 13 0.93 C. 49 0.30- 0.7326 155..0,58 49 261, 0.7045 153. 19 C» 57 C.49 C.30 0.6939 1 52.0.567 3 251. 0-,<-.54 150. £0 0.7 t P. SC 0.82 0. 67 5.6 ISO.0.5531 240. C.673B 14 7. 21 0. 68 P. 51 C.79 0 .G694 147.0.5474 231 * P.6774 144. 0.66 0. 49 0.73 C.6679 144.0.5450 223. C.6763 141. 23 c. te 0.49 0.78 C.6674 141 •C,5460 210. P.67t6 1 29. C.C 5 ?. 49 0.77 0.6672 133.0.5369 2C2. P .6745 124. 5 5 : . t s . 49 0.77 135.0.536C 196. 0.4764 1 23. £ £ i*. C 5 0. 49 C.77 0.6672 1 33*0.5346 19(5. 0.6761 131. £7 0.! S 0.49 0.76 0.667 k 130.e. 5312 16 4. 0.67 56 1 0. to 0.49 0.7 5 0.66*-9 1? <.0. 53)9 177. C . 47 49 124. *9 O.co 0.49 C.75 0-6663 126.0.S3S0 174* 0.6733 1£4. C .66 C * 49 0.7 4 ?•CC 54 If 4.
3 0 3
TADLE A . 27 RESULTS FROM TYPICAL
MODEL:
PARAMETERS:
ESTIMATOR;
CONTROLLER:
REMARKS;
3D
CRTFC/E
EKF C SEQUENTIAL PROC.)
OPEM-LOOP
SIMULATION
-l t i -i -i
2 PARAMETER!S>
A VS?. AGE ACTUAL TIMES
8 9 IC II 12 13 |4 15 16
1 CONTROL!S)
PFOCESS MEASUREMENT 
NOISE NOISEz.2?nrcE en o.40000e di
G.2 FROBF. OR 0.4HRCCE 010,2seene oo 0.40000e 01 fi.oocceE eoG.SGCCBE RO
AVERAGE RESULTS OF I00 RUNS
r.cc E.ez
-C » 26 C.19
-S.42 0.17-C.34 C.IC 
-2.05 P.C7
c.35 -c.ro
C.74 -C.02
C.92 2 .Cl
I.CE fl.02 0*9 6 P.PZ
C.7C -C.C2
c.si -G.ie.
C.27 -C-I3
-B.C3 -C .l5 
-0.27 -0.14-C.44 -fi.ll -0.44 -C.B9
0.C9 C.2C G. 27 
C.31 
2.02 -0.2 3 
-c.ro 
-s. ci
G.C2
-E * 23 
-C.C4 -S.C3 
-C.C4 
-2.CC 
C.C2C« £ 3 e.23
“G.C1 -2.21
AVERAGE BIAS 
CA CRTFC C.CC -2*9065 
C.13 -2.9599 C.5P -2.66111.25 -2.75C1 
1.49 -2.6721 
1.54 -2.5187 
1.43 -3.17421.25 -1*7092 
1.15 -1.3211 1.02 -I.ICS? 
C.9B -S.6629 0.53 -0.3340 
0.72 -0.8656 0.72 -C.9237 
e-71 -0.8204 0.71 -C-696G C.63 -0..51R6 
0.65 -0.3757 * 
0*60 -0.2883 
C.61 -C.2553 
0* 58 -G.2313 
C.55 -0,2171 
C.54 -C.2064 E-55 -O.1993 
0. 52 -C. 1915 
0.50 -0.1896 
2.47 -0 .13B6 0.47 -C.1364 
0.45 -G.1372 C.41 -0.1869 
£3.43 -0.19R5
6934. 1609. 
1226. I 006. 
845. 
712. 
605. 520. 470. 429. 
391, 
368. 
341. 325. 
3C6. 290. 
273. 
257, 244. 
235. 
225. 213. 
204. 196. 
184. 177. 
I70, 164. 
1 58. 151. 
147.
RMS ESTIMATION EPPOP
ITERATION
o.ce
0.84
C.8C£3.70
0.47 
G, 57
1.B3 
1.27 
1.43 
1.45 l.GB 0.82 
0.49 
0,29 
0.59 
0.87
0.99
1.C3 0.9 | 
O..70 
0.55 
0. 3 5
0.28 
6.29 0. 32
TCO 
0.00 
0.23 
0.2)
0.17 C. 1 S 
6,17 
0.22 0.21 
.0.20 
0. 1 5 0.12 0.19 
0.25 0.27 
0.32 
0.28 
0,22 
0.17 
6.16 6.24 
0.32 0.36 
0. 1 5 
0.13 
C.l 1 0.11 0,12 
0. 12 
6, 13 
0.13 0.65
0.13 0.65
CA
C.CS 
1.92 
I . 73 
1.71 
i.a i 1,81 1 .66 
1 * 49 
1.33 
1.27 1, 18
1.67 
0.94 
C.9 1 
0.88 
0.38 
0.05 0.34 
6.84 0.82 
6.80 
0.79 
0.76 
C.76 
0.72ft. 690.63
0.66
6.67
.9865 
2.9728 
2.8931 
2.7951 
2. 7 208 
2. 6 538 2.5275 
2.1006 1.8 079 
1.6117 1.254 4 
1. 1930 1.2075 
1.2230 1.2210 
1* F.643 
0,9 CC1 
C.7B07 
0.6303 
0.5349 C.567 3 
0. 5531 0.5474 
0- 5 4 SC 
ft.5400 
JU 531.90, sate0. 5346 6.5312 
6.5319 0.53*0
69 34. 
1712. 
1287. 
1044. 
886. 
747. 634. 
546. 
493. 
453. 
418. 
393. 367. 
352. 333. 
317, 
299. 
28 3. 270. 
261. 
251 . 240. 
231.
19 6. 190. 
134. 
177. 
17 4.
AVERAGE FILTEP STANCARE DEVIATION T TCO . CA
2.C-C 2.03 2. 02
1.29 0.52 1.99
1.C2 C.SCp.87 r .49
e.73 p.51
P.32 ft«£S
1 .CP c.£7
1.17 P.57
I .22 . 0*54 P. 9
1.17 C.51 0.9I.C4 e.49 C«2
C.66 C.52 r.a
2.70 0.54 C.3
0.73 2.56 P.7
e.36 0.56 0.7
1-CP 2.55 P.7
1.C? 2.52 2.71.27 r.53 P.S
0.99 0.49 P.®
C.38 2.49 0.3
6.75 P.53 2.3
P. 67 0.51 c.s;
0.66 2. A? P.* 7
0.65 6.49 0,7
e.65 0.49 P.76.65 0.49 2.7
e.65 C.49 C.7
0.65 0.49 f.7
C.66 0.4? 0.7
0.66 0.49 0.7
0.66 0.49 0.7
AVERAGE FILTER STANOAFS 
CrTFC E
3.EF2C 7C71.2.9752 669.
2.9456 452.
2.9256 361.2.91£3 
2.82'il 2.5546 
2.177? 
1.7917 
1.5146 
1.3561 
1.23 59 1.2647 
1.2419 
1.1733 
1.0543 0*9255 
C.S 192 
P.7464 
C.70 43 0.63 54 
P.. 6738 P.6774 G.67(8 
0.6766 
fi. 676.5 
0.6764 0.6761 
r . 67 56 
0.6749 > 
r.67?3
310.
275.
220. 
21 £ * 
203. 
194. 
136. 13 1. 176. 
171. 
1 66. 162, 
1 59*
1 rc.
152. 1 FO.
126.
20.00 24.03 20.60 31.“P21. 14 20.66 22.23 3?.5724.39 25-26 20.34 33. 5229.26 25.02 26,OS 33.9?35.00 26.35 34.T940.74 29.7? 33.79 22. 1945, 6) 34.74 40.«5 2A.4648.86 34,89 42.06 27,2456.00 33. ec 47,45 2 5. 1048.86 33» 46 49. 30 19,4S45/61 43,31 44 . 1 4 23, 2040.7 4 50. 53 46.75 21,3335.00 46,93 46.5 5 23. 1929.26 44.03 36.7 5 21.1124.39 40. 1 4 r? .9? 16,5321.14 39.67 25.47 20.772P.00 33. 53 23.44 23.672). 1 4 33.23 25. 65 2 ft. 6424.39 25.43 23. IS 21.5629,26 pft.O? 24,4435.00 31.3? 27,00 26. 1735.00 32.06 31.37 55.4135.00 31.05 33.17 31.0"35. 00 33.98 36, **9 26.9135.00 33. 15 3*. 52 27.5135.06 31.32 35.0 4 51.9435.00 33.93 33.95 PI .4935.00 37.35 37.22 23.8®35.00 40.64 35.54 21.1635.00 35.04 31.51 23, cC35.00 37, 1ft 32.07 21 . 55
STATE ESTIMATES
ITERATION T TCO CA T TCO CA0 24. 0 3 2C.60 31.82 24.03 20.62 31.3?1 22.8 6 20.44 32. 46 24. C3 20.60 31.5?2 24.03 21.35 32.29 24. 30 21.61 31.503 25. 10 24. 44 32.20 25.26 24.51- 31.6S4 26* 78 28.86 32.04 27. 12 23.92 31,335 29.20 34. 1 3 30. £9 29,34 34.20 30.606 32.76 39.54 28.24 33. 19 29.58 29.477 35.70 44.03 26. 59 36.80 44.26 27.57B 38.78 47. 51 24. 7 1 40.21 47.S3 25.959 40.66 43.98 22.28 42.98 45.92 24,0310 42,7 3 45.28 21. 15 44.72 43.22 22,20* 11 44.93 45.68 19.81 45.21 45.54 P0.9?12 44. 63 41.82 19.44 44. 43 41-20 £0.2013 42.99 36. 40 19.23 42.44 36,13 19.9414 46.39 36.97 19-14 39.63 ‘ 30*54 £2.1415 37.99 26,22 19,64 36.42 26,22 £?,7£16 34. 51 23. 10 20.04 33.30 * £2.99 21.5?17 32.37 21.88 21. 43 30.75 21.63 ?2.5°18 £9.47 22. 38 £2.42 29. 16 22.36 23-6319 29.37 24.83 23. 44 PS,77 25.05 24.5720 3D. 20 29.02 24. 38 29.65 29.31 £5.2321 31.96 34.04 24.75 31.66 34.43 25.6?22 32.99 34. 59 2 5. 67 33, 16 34.71 25.6123 34.09 34.93 25.51 34.25 34,53 25.3524 34*68 34*82 25.41 35.04 35.00 25.062S 34.98 35.07 24.50 35-62 35,09 24.7?26 35. 43 35.2 1 23*77 36.03 35.15 S4.3627 36. 12 35.26 23. 52 36.33 35.23 24.C528 36. 89 35.26 22.87 36-55 25.£ 3 23.7929 36. 7 4 35.04 22.75 36.71 35.25 23.5630 36. B8 35.06 22.43 36. S? 35.27 23*23
PARAMETER ESTIMATES TRUE OP NOMINAL PARAMETERS
ITERATION CRTFC E CRTFC EG 3,7 500 40022, 0.7635 469 34.
I 3.1255 45374. 0,7635 46934.2 3.3643 45904. 0.763S 46934.3 3.3423 46218. 0.7635 46934.4 3.3741 46457. 0.7635 46934.S 3.C633 46437. 0.7635 46934.6 1.6565 46364. 0.7635 469 34.7 2.S136 46294* 0.7635 46934.5 2. 2-C3 46412. 0.7635 46924.9 2.97C1 46291. 0.7635 469 34.
13 £.3513 46363. 0.7635 46934.11 1.7 433 46438. C.7635 46934.12 1 * 4 539 46543. 0,7635 46934.
13 1.512! 46586. 0.7635 46934.I 4 1.5626 46578, 0.7635 46934.15 2,CCS2 46 591. 0.7635 469 34.
16 1•5703 46651. 0.7635 469 34.17 1.7202 46635. 0.7635 46934.
13 1.C 433 46630. 0.7635 46934.
19 1.1577 46645. C.7635 469 34.22 1*1377 46673. C-7635 46934,21 1.1 •» 41 4668 3* 0.7635 46934,23 ft. 9 62 4 467 65. 0,7635 469 34.
23 2.9 47 5 46757. 0.7635 46934.
£4 C.9 370 46319. C.7635 469 34.55 0.9 51C 46779, 0.7635 469 34.
26 0.9 553 A67 46■ 0.7635 46934.
27 . 0.9576 467 SI. 0.7635 469 34. .
23 C.959C 46730. 0.7635 469 34.2? 2,9763 46735. 0.7635 469 34.
33 2.9699 ‘ 467£ 4. 0.7635 469 34.
STANDARD DEVIATION
ITERATION T TCO CA CPTFC E? 2. CC 2.00 2.00 3.0000 7071.1 1.29 C»52 1.99 2.9782 669.2 i.rc 0.5O 1.56 2.9565 451.
3 2.3 5 C.49 1.35 2-9457 360.4 0,77 ft.SI I .21 2.9344 303.5 0.6 4 0. 55 1.13 2.8390 273,6 1.04 P. 57 1 * P7 2.5524 248.
7 1.25 C.S9 1 .02 2.0565 223,
9 1.25 P. 53 C.93 1.6641 213.
9 1.17 C.50 C , 9 4 1.4123 Pfll.
IP 1.0 4 0.49 0,68 1.2710 192.1 I 0.39 C.49 C.D4 1.2026 135.12 0.72 r. 52 0.80 1.1845 180.
13 C* 69 C. 56 P.77 t .1684 175.14 0,5 5 C« 56 0.76 1. 1092 170,
t £ 1*01 0. 54 0*77 I.COOS 166.16 l.Cfc C.S! C.78 0.8937 162.
17 1. cs C. 50 C .7 9 C.799C 153,
IS e.93 C.49 0.80 0.732.6 155.
19 0.67 0,49 C .60 0. 6939 152.
2C 0.76 0. 50 6. 86 0. 67f6 150.21 e.cs r.si 0.7 9 r . 66? 4 147.22 C.<6 0.4? C, 73 0.667? 1 44.
23 c.cc ft . '»7S> r . if 74 14 1 .•ju ft, t, 5 0. 49 0.77 e. ct. 7 2 135.55 0. <• 5 r. «i9 0,77 r . Af 70 1 3*.
26 C*i 5 r. 49 C, 77 fl.6672 i 33*27 2.C5 0.49 fi.1t fi«6671 1 30.
SS f.C£ 0,4? C. 7 5 0. f J  r-i IP'S.
53 C.66 0-49 0.75 r . r ct 3 126.
30 r.c 6 0. 4? fi.7 4 0.66*4 124. *
3 0 4
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A *  2 8 RESULTS FROM TYPICAL RUN
3D
CRTFC/ E
EKFC SQUARE ROOT) 
OPEN-LOOP . 
SIMULATION
5 6 7 8-1 1 -1 -1 -1 2 6-1 2
3 STATE!S) 2 PARAMETER!S) 1 COM TR0LC5>
AVERAGE ACTUAL TIMES
STATEWEIGHT
ESTIMATION i-6t
PROCESS MEASUREMENT 
NOISE NOISE
0.25OGOF. 00 0.4O000E 01 
0.25BCCE 00 0-4000OE Ok 0.2SOC0E 00 0.400C0E 01 
0.00000E 02 
O.O0O00E 00
AVERAGE RESULTS OF 100 RUNS
CONTROLS
TCI
20.00
21.14 
24. 39
29.26
35.0040.74 
45.61
48.86
50.00
48.86 45. 61
40.7435.00 
29*26 
24. 39
21.14 20*00 
21. 14 
24.39
29.26
35.00
35.00 
35*00
35.00 
35*00
35.00
35.00 35*00
35.00
35.00
35.00
HFASVPFMEMTST TCO CA
24. 03 20. 6C 31. 32
20. 66 2?.>23 32. 57
25.>26 ?P«9 4 33.>5225. C2 26. 03 33. 92
26.■ 85 29. 35 34,>C929. 79 33. 79 30, 19
34.>74 40. 8 5 26.>96
34,.89 42. 06 27. 24
38..80 47. 46 25.. 10
39. 46 49,>30 19.,49
43..01 40,>14 23. 20
50,>53 46,>75 21. 3346,198 46.>85 23.■ 19
44.>03 36,>75 21.>1!
40,>14 r 9 ,.92 IS,.53
39.>67 25,.47 20,► 77
33,. 53 23,>44 23..6733,>23 25,.68 20.,64
25..43 23.. 19 21,,56
32. 99 23,.70 24,,44
31.> 39 27,,99 26,.17
32,• P6 31.,07 25.,4131 .>08 33,, 17. 31,► PP
33,.98 36,.09 26.,91
33.> IB 32,>52 27,► 51
31,.32 35..94 21,► 9433,>93 33.,95 21.► 4937,>85 37,.22 23.► 8540.>64 35,.54 21,► 16
35,.04 31.>51 23..20
37,>10 32.>07 21,► 55.
AVERAGE DIAS STATE ESTIMATES TRUE STATESITERATION T TCO CA CPTFC E ITERATION T TCO CA T TCO CA0 0.00 0.00 0. CO -2.9865 6934. 0 24.03 20.60 31.02 24.03 20.60 31-821 -0.26 0. 19 0.13 -2.9599 I6e9. 1 22.86 20.44 32.46 24.03 20*60 31-8?
2 -0.42 0.17 0.80 -2.8611 1226. 2 24.03 21.35 32.29 24,33 21*61 31.80
3 -C.34 0.10 1.25 -2.7501 1006. 3 25. 10 24.44 32.20 25.26 24.51 31-634 -C.C5 0.07 1.49 -2.6721 645. 4 26.78 28.86 32.04 27.12 28.92 31*335 0.35 -0.00 1.54 -2.5187 712* 5 29.20 34. 1 3 30* 49 29.84 34.20 30.626 C.74 -e*32 1.43 -2.1742 605* 6 32.7 6 39.54 28.24 33.19 39.53 £9.477 0*98 e.ei 1.25 -1.7093 520. 7 35.70 44.08 26*59 36.80 44.26 27.878 1*02 0.02 t.is - t .3211 470. 8 38.78 47*51 24.71 40*21 47.53 25.989 0.96 0.00 1.62 -1.1057 429* 9 40.66 48.98 22.28 42.98 43*92 24*03
10 C.70 -0.02- 0.90 -0.8629 391. 10 42.73 48*28 21*15 44.72 43.22 22.30
11 C.5I -e. lo 0.83 -0.8340 369. 11 44.9 3 45.6B 19.81 45.21 45*54 20*9912 0.27 -e* 13 0.72 -0.8886 341. 12 44.68 41.62 19.44 44*40 41*33 2P*2013 -e.G3 -0. 15 0.72 -0.9238 ’ 325. 13 42.99 36.40 19-23 42*44 36*13 19.9414 -0.27 -B. 1 4 0.71 -0.8204 306* 14 40.39 30.97 19.14 39*63 30.84 20.14
I 5 -0.44 -0.1 1 0.71 -0.6960 290. 15 37.99 26.22 19.64 36.42 26.£2 2e.72
16 -C .44 -C.09 0.69 -0.5126 273. 16 34. 51 23.10 20*84 33.30 22.99 21.53|7 -C.37 -0.0 3 0.65 -0.37 57 257. 17 32*37 21.OB 21.43 30.75 21*63 22.59
18 -C*29 0.09 0.60 -0.2983 244. 18 29.47 22.38 22*42 29.16 22.36 23*6319 -0.24 0.20 0.61 -0.2553 235* 19 29.37 24.83 23*44 28*77 25*05 24.5720 -B.17 0.27 0.58 -0.2313 225- 20 30.20 29.02 24.38 29.65 29.3! 25.2821 -C.08 0.31 0.55 -0.2171 213- ' 21 31.96 34.04 24.75 31*66 34.43 25.6222 -0.04 C.02 C. 54 -0.2064 204- 22 32*99 34.59 25.67 33*16 34.71 25-61
23 -0.03 -0.63 0.55 -0.1993 196. 23 34.09 34.93 2S.S1 34*25 34.89 25*3324 -C.C4 -0.00 O.SO -0.1915 184. 24 34.68 34.82 25.41 35*04 35.P0 25.e6
25 -0.00 -0.01 c. so -C.1896 177. 25 34.98 35.07 24.50 35.62 35.09 23.70£6 0.02 0 a 02 0.47 -0.1886 170. 26 35.43 35.01- 23*77 36*03 35*15 24*3627 C.C 3 0.06 0.47 -0.1664 164- 27 36. 12 35.26 23.52 36.33 35.20 24.05 .28 -0.01 -0.01 C.45 -0.1872 158. 28 36.89 35*26 22.87 36. 55 35* 23 23*7929 -0.03 -c.e2 0*41 -0.1869 151- 29 36.74 35.04 22*75 36*71 35.25 23*5630 -0.06 0.02 0.43 -0*I905 147* 30 36.08 35.06 22*43 36.82 35.27 23-35
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER estimates TRUE OR NOMINAL PARAMETERSITERATION T TCO CA T TCO CA ITERATION CRTFC E CRTFC E0 0.00 0.00 0.00 2.00 2.CO 2-00 0 3.7*30 40000. 0,7635 46934.I 0.84 8.23 1.92 1.29 0.52 1.99 1 3.1355 45374* 0,7635 46934.2 0.80 0.21 1*73 1.02 C.50 1*56 2 3.3643 45904. 0.7635 46934.
3 0.70 0.17 1.71 0.87 C.49 ‘ 1.34 3 3.3428 46218* 0*7 6 3 5 4 69 34.4 • 0.47 0.15 1.81 0.78 0.51 1*20 4 3. 3741 464 57* 0.7635 46934*
5 0.57 0.17 1.81 0.82 0.55 1*11 5 3*0833 46437. 0.7635 46934*6 1.00 0.22 1.66 l.CC 0.57 1.05 6 I.BS6S 46364. 0.7635 46934-7 1.27 0.2! 1.49 1.17 0.57 1.01 7 2.2136 46394. 0.7635 46934.8 1 *43 0.20 1.38 1.22 0.54 0.98 0 2.2300 46412* 0.7635 46934*9 1.45 0.15 1.27 1.17 0.St e.94 9 2.9701 46291. 0.7635 46934.
10 1*08 0.12 1.18 1.04 0*49 0.89 10 2.8510 46363* 0.7635 46934-11 0.82 0.19 1.07 C.36 e.50 C.34 11 1.7438 46438* 0.7635 46934*
. 12 0*49 ' 0.25 0*94 0.70 0.54 O.SO 12 1.4 539 46543. 0.7635 46934*13 0.29 0.27 0.91 0.70 C.56 0.78 13 1.512! 46586* 0.7635 46934.14 0.59 6*32 0.88 0.86 0.56 0.T7 14 I.S626 46578. 0.7635 06934*IS 0.87 0.28 0.88 1.32 0.55 0*77 IS 2.0362 46591* 0.7635 46934.16 0.99 0.22 0*85 1.09 0*52 0.79 16 1. 5708 46651. 0.7635 46934.
17 1.03 0*17 0*84 1.C7 O.50 e.ee 17 1.7232 46635* 0.7635 46934.16 0*91 0.16 0.84 0.99 0.49 e.30 18 * 1.0430 46630. 0.7635 46934-
19 0.70 0.24 0.62 6.68 0.49 C.81 19 1.1877 46645. 0.7635 46934-20 0*S5 0.32 0*80 0.75 C.5C 0*81 20 I . 1877 46673* 0.7635 46934-21 0.35 0.36 0.79 0.67 0.51 0.30 21 1.1041 46683. 0.7635 46934-22 0.33 0.15 0.76 0.66 0.49 C-79 22 0.9 624 46765. 0.7635 46934.23 0.28 0. 1 3 0.76 0.65 0.49 0.73 23 0.9475 46787. 0.7635 46934.24 0.29 0.1 i 0.72 0.65 0.49 0.77 24 0.9 370 46919- 0.7635 46934.25 0.32 0.1 1 0.69 0.65 0.49 0*77 25 0.9 SI 0 46779* 0.7635 46934.
26 0.28 0. 12 0.68 0.65 0.49 0-76 26 0.955B <6746* 0.7635 46934.27 0.27 0. 12 0.66 0*65 0.49 0-76 27 0.9 576 46751- 0.7635 46934-28 0.25 0.13 0.67 0.66 0.49 0-75 26 0.9590 46730* 0.7635 46934*29 0.28 0.13 0.65 fl-66 0.49 0-75 29 0.9763 46735. 0.7635 46934-30 0.29 0.13 0.65 0.66 0.49 0.74 30 . 0.9898 46724. 0.7635 46934-
RMS ESTIMATION ERROR AVEHAGE FILTER STANDARD DEVIATION STANDARD DEVIATION
ITERATION CRTFC E CRTFC E ITERATION T TCO CA CRTFC E0 2.9865 6934. D.ceeo 7071- 0 $.00 2.00 2.00 3.0000 7071.1
2
2.9728 1712. 2.9732 669- 1 1.29 0. 52 1.99 2.9782 669*2.8931 1287. 2.7456 452- 2 1.00 0. 50 1.56 2.9565 451.3 2.795! 1044. 2.9256 361- 3 0*85 fl. 49 1.35 2.9457 360*4 2.7208 880* 2.9153 310V 4 0.77 0. 51 1.21 2.9344 309.5 2.6S88 747. 2.838! 275- 5 0.84 0.55 1. 13 2.8390 273*6 2.5275 634. 2.5346 250V 6 1.04 0.57 1.07 2.5524 248.7 2*1006 546. 2.1772 230- 7 1*25 0. 59 1.02 2.0565 228.8 1.8079 49 3* 1.79 17 215. 8 1.25 0.53 0.98 1.664! 213.9 1.6117 453. I* 5146 20 3- 9 1.17 0*50 0.94 1.4123 201*10 1.2544 418. 1.3561 194* 10 1.04 0.49 0.88 I .2710 192.II 1.1930 393* 1.2859 186- 11 fl. 89 0.49 0.84 1.2026 185*12 1.2075 367. 1.2647 181. 12 0.72 0.52 0.80 1. 1845 180*13 1.2233 352. 1.2418 176* 13 0.69 0.S6 0*7 7 1. 1684 175.14 1.2210 333. 1. 1738 171. 14 0.8 5 0*56 0.76 1 • 1092 170.15 1.0643 317* 1.0543 166* IS 1.01 0*54 0.7? 1*0035 1 66*16 0.9001 299* 0.9255 162* 16 1.06 0*51 0.70 0.8937 162.17 0.7807 283* 0.8192 159. 17 1.05 0.50 0.79 0.7990 156.18 0.6B03 £70. 0.7464 156- 18 0.93 C.49 0 *80 0.7326 1 55.19 0.5849 261. 0.7045 153* 19 0.87 0.49 P. 80 0.69 39 152.20 0.5673 251. 0*6354 150. 20 0.7 6 0. 50 0.80 0.6756 150.21 0.5531 240* 0.6738 147- 21 0.68 0 * SI 0.79 0.6694 147,22 0.5474 231. 0.6774 . 144* 22 0.66 0.49 0.78 0.6b79 144*23 0.5450 223. C.6768 141* 23 0.66 0.49 0.78 0.6674 141.24 0.5460 210* 0.6766 139. 24 0.65 O. 49 0.77 0.6672 138,25 0.5367 202* G.6765 136. 25 0.6 5 0. 49 0.77 0.6672 135.26 0.5360 196. 0.6764 133. 26 C.65 0.49 0.77 0.6672 133.27 0.5346 190. e.676l 131. 27 0.65 0.49 0.76 0.6671 130,28 0.5312 184* 0.6756 128- 28 0.66 0.49 0.75 0.6669 126,29 0.5319 177. 0.67 49 126. £9 0*66 0.49 0.75 0.6663 126,30 0.5351 174. 0.6738 124. 30 0.66 0.49 0.74 0.6654 124,
3 0 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A » 2 9
3D
CRTFC* E
EMECSQUARE ROOT)
OPEN-LOOP
SIMULATION
ELEMENT 
RttI CODE
3 STATE!S)
I 2 3 4 5 6 7 B 
-2 1 -I - I -1 2 6 -1
2 PARAMETER!S>
9 10 I 1 12 13 14 15 16 2 2 -1 5 2 2 1  1
1 CONTROL!S)
AVERAGE ACTUAL TIMES 1.53
PROCESS "MEASUREMENT" 
NOISE NOISE
0.O0DG3E 00 0.250O0E 00 
0.B0000E 00 0.25000E 00 
0.25O00E 00
ITERATION T TOO AVc-TCA0 0* CO 0.00 C.CO1 O.CO 0.00 ,0.002 o.eo O.CO c.co3 0.00 0.00 o.eo4 C.CC 0.00 0.00
5 0.00 O.CO c.co6 0.00 0.00 0.007 0.00 0.00 o.oc8 0.00 o.eo o.oc9 2.00 e.00 0.00ID 0.C0 0.00 o.eo1 1 o.eo o.co 0.00
12 C.CC e.00 c.co13 c.co o.eo o.eo
14 0.00 o.co 0.001 S o.co 0.00 o.co16 0.00 o.co o.co17 o.co o.eo 0.00ta P.CO o.oc 0.0019 0.00 2.00 0.0020 0.00 0.00 0.00
21 0.20 • 3.00 0.0022 C.CO 0.00 0.0023 0.00 0.20 0.0024 O.CC C.CC o.co25 0.00 0.00 0.0026 o.oc 0.00 0.0027 0.00 0.00 0.00
28 O.CO 0.00 0.0029 0.00 e.00 0.0030 0.00 0.00 0.00
RMS estimation errorITERATION CRTFC E0 2.9865 69 341 2.3670 156 52 2.2563 1287.3 2.4473 1112,4 2.5331 985.5 U969I 661,6 1.4266 786.7 0.8987 700,8 0.7976 634,9 0.7529 581.10 0.6843 539.11 0.6796 509.12 0.6569 483.13 0.5526 466.14 0.4693 451.15 0.3836 441.16 0.3467 432.
17 0.3379 424.18 0.3250 417.19 0.3194 411.20 0.3201 404.21 0.31 30 394.22 0.3108 384.23 0.3113 373.24 0.3104 361.25 0.3102 352.26 0.3094 342.27 0.3099 334.28 0.3080 327.29 0.3077 319.' 30 0.3094 313.
AVERAGE RESULTS OF 100 RUNS
-2.9365 6934.-2.0430 1557.
-1.7471 12B0.
-2.0108 1105.
-2.0745 » 978.
-1.429 5 8 74.
-0.8715 779.
-0.5S72 693.
-0.4696 627.
-0.4443 574.
•C.3969 532.
-0.3309 502.
-0.3535 476.
-0.2543 453.
-0.14S5 444.-0.0928 433.
*0,0585 425.
•0.0444 4)7.
-0.0397 410.
■0.0396 404.
■0.0389 396.
■0.0437 386.■0.0452 376.
■0.C442 366.
*0.0434 354.
■0.0419 344.
•3.0403 335.
■0.0376 327.
•0.0361 319.•0.0346 311.
•0.0368 305.
AVERAGE FILTER STANDARD DEVIATIONCRTFC E3.0000 7071«
2. 5911 155,
2-3531 133,
2.2963 126,2.0434 116.1.58 77 1GB.
1 . 1203 101.
0.8148 95.
0.6595 90,0. 59 43 85.0.5771 62.n. 57 53 60.
0* 55 54 78.0*5025 76.0.4345 75,0.37 SI 74.
0.335! 73.
0.3123 73.B.3C24 72.
P.3000 71.
0.2993 71.0.2955 70.P.2947 69.0.2944 68,0.2944 67.
0.2943 66.
0.29 4! 65.
0.2939 64.
0.2936 63.
0.2932 62.0.2927 * 62.
RESULTS FROM TYPICAL RUN
CONTROLS MEASUREMENTS
ITERATION TCI T TCO CA*0 20.00 24.03 20.60 31.82
1 21.14 23.19 21.01 32.012 24. 39 23.93 21.29 32*SP
3 29.26 24.94 24.64 3?.844 35.00 26.82 29 «t 71 32.09
5 40.74 29.62 33.70 31.52
6 45.61 33.42 39.46 29.767 48* 86 36.49 43.42 87.87
8 50.00 39.63 47.22 25-829 46.66 41.42 48.87 22.9010 45.61 43.35 49.36 22.P8. n 40.74 45.55 45.92 21, 16
12 35.00 45.29 43,05 21.PI
13 29.26 43 . 50 3 6.86 £0.6314 24.39 4P.53 31.12 20.15
IS 21.14 37.89 26.44 20.63
16 20.00 34.42 23.47 21.07
17 21.14 32.19 22.86 22.21
16 24.39 29.23 22.73 22.66
19 29.26 29.41 24.£S 23.76
20 35.00 30.55 28.68 24*7921 35.00 32.41 33.37 2S.P3
22 35.80 33.17 34.32 26.4523 35.00 34. 19 35,15 26.35
24 35.00 34. 54 34.39 26,41
25 35.00 34.18 35,21 £5.07
26 35.00 34.46 34.72 2®.12
27 35.00 35.57 35.5! 24.06
28 35*09 37.02 35.25 23*24
29 35.00 36*63 34.37 23.02
30 os. ee 36*83 34.4B 22.54
PARAMETER ESTIMATES TRUE OR NOMINAL PARAMETERS
ITERATION CF.TFC E CRTFC E
0 3.7500 40000. 0.7635 46934*I 0.2236 45420. 0.7635 46934*2 0.8 125 45724. 0.7635 46934.3 1.5465 459 52. 0.763S 46934.4 2.1218 46136* 0.7635 46934.5 1.6146 46220. 0.7635 46934.6 1.0055 46256. 0.7635 46934*7 1.1336 46319. 0.7635 46934-8 1.2626 46363. (3.7635 46934,9 1.6229 46347. 0.7635 46934,10 U6506 46390. 0.7635 46934-11 1.5404 46423. 0.7635 46934.12 1, 3641 46477. » 0.7635 46934.13 1.3043 46507. 0.7635 46934.14 1.2560 46513. 0.7635 46934,15 1.3968 46523. 0.7635 46934,
16 1.2606 46544. 0.7635 46934.17 1.2318 46541. 0.7635 46934,
18 I.0550 46539. 0.7635 46934,19 1.0914 46544. 0.7635 46934,
20 1.0832 46554. 0.7635 46934,21 1.0280 46562. 0.7635 46934-22 1.03SI 46602. 0*7635 46934.23 1.0417 46621. 0.7635 46934.
24 U0454 46646. 0.7635 46934,25 1.0468 46639. 0.7635 46934.
26 1.0509 46631, 0.7635 46934,27 1.0497 46637, 0.7635 46934,28 1.0615 46603* 0.7635 46934.29 1.0592 46636, 0.7635 46934*
30 1.0647 46633. 0.7635 46934,
STANDARD DEVIATIONITERATION T TCO CA CRTFC E
0 3.0000 7071,
I 2.5911 155,
2 2.1244 139,3 2.0549 127-
4 1.7500 117.
• 5 1.3411 108,6 0.9415 101,
7 0.6902 95,
8 0.5772 90,
9 0.5310 . 86.
10 0.5161 83.
11 0.5148 . 81,
12 0.5039 79.
13 0,4639 77,14 0.412) 75.
15 0.3662 74.
16 0.3342 74.
17 0.3140 73.
16 0.3036 72.
19 0.3014 72.
20 0.3010 71.21 0.2966 70.22 0.2982 69.
23 0.2980 68*
24 0,2980 67.
25 0.296C 66.
26 0.2980 65.
27 0.2980 64.
28 0.2979 . 64.
29 0.2974 63.
30 0.2971 62*
3 0 6
T A B L E  A - 3 0
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D .
LC
SIMULATION
T A B L E  A . 3 1
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
GLC
SIMULATION
2 STATE! S> 0 PARAMETER!S) I CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT WEIGHT
1 0.I 002CE 01 0.OBCO0E 00
2 0* I 0000 E 01
DESIRED CONCENTRATION* 22.50 GH0L/M3
PROCESS MEASUREMENT 
NOISE NOISE
0.0C000E 00 0•00000E 00
* AVERAGE RESULTS OP 1 RUNS 
SUBOPTJHAL CONTROLLER PERFORMANCE INDEX- 0.10A36E 03
ELEMENT 
RUN CODE 1 2 3 4 5 6 7 8 9 IP 11 12 13 14 15 16» -I -1
0 PARAMETER! S) I CONTROL!5)
ESTIMATION0.00AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT WEIGHT
1 0. 10000 E 01
2 0.I00C0E 01
DESIRED CONCENTRATION- 22.50 GM0L/'M3
PROCESS MEASUREMENT 
NOISE NOISE
0.PPCC0E 00 
0.0BCP0E 00
AVERAGE RESULTS OF I RUNS 
SUBOPTIHAL CONTROLLER PERFORMANCE INDEX- 0.20125E 03
CONTROLS TCI 
84.49 34.96 
34.7 5 
35.06 
35.21 
35.29 
35. 33 
35.36 
35.35
35.39
35.39
35.40 
35. 40
35.40 
35. 40
35.40 
35. 4e
35.40
35.40
35.40
35.4135.40 
35. 40
35.40
35.40
35.40
35.40
35.4035.40
35.40
35.40
TYPICAL RUN
MEASUREMENTS ITERATION
CONTROLS
RESULTS FROM TYPICAL RUN
MEASUREMENTS* T TCO CA TCI T TCO CA24.03 31.82 0 50.00 24.03 31.3239. 53 30.04 1 50.00 31.24 31.1033.89 27.26 2 42. 15 36.43 29.2538.37 2 5.59 3 33.89 38.40 2 7.1 738.05 24.54 4 35. 40 37.80 25.6537.85 * 23.87 ^ 5 35. 32 37.72 24.6737.73 23.42 6 35. 38 37.64 24.0137.64 23. 12 7 35. 33 37.59 23.5537.59 22.92 B 35.44 37.55 23.23, 37.55 22.79 9 35. 44 37.54 23-0137. 52 22.70 10 35. 40 37.53 22.3637.51 22.63 11 35. 34 37.5! 22.7537.49 22.59 12 • 35.45 37.49 22. 6337.49 22.56 13 35. 46 37.49 22.6237.48 22.54 14 35. 37 37.50 22.5337.48 22.53 • 15 35. 43 37. 00 22.5637.48 22.52 16 35. 46 37.43 22.5437.47 22.51 17 35. 36 37.49 22.5337.47 22. 51 18 35. 4? 37.47 22.5237.47 22.51 19 35.46 37.49 22.5137.47 22.SO 20 35.37 37.50 22. SO37.47 22,50 35.43 . 37.48 22. 5037.47 22. 50 22 35. 42 37.49 22-5037.47 22.50 23 35. 39 37.49 22-5037.47 22.50 24 3S. 44 37.43 22-5037.47 22.50 25 35. 46 37.43 22.4937.47 22.50 26 35.36 37.49 22.4937.47 22.50 27 35. 42 37.47 22.4937.47 22.50 28 35. 40 37.48 22-4937.47 22 .*50 29 35. 50 37.47 22-4937.47 22. SO 30 35. 33 37.50 22.49
STATE ESTIMATES 
■ T TCO TRUE STATES T TCO CA 
24.C3 31.5239.53 32.04
38.89 27.26
33.37 25.59
33.05 24.54
37.85 23.27
37.73 23.42
37.64 23.12
37.59 22.92
37.55 22.79
37.52 22.73
37.51 22.63
37.49 22. 59
37.49 22.56
37.43 22.5437.48 22. 53
37.43 22.52
37.47 22.51
37.47 22.51
37.47 22. 51
37.47 22.50
37.47 22.5037.47 22.50
37.47 22.53
37.47 22.52
37.47 22.53
37.47 22.52
37.47 22.53
37.47 C2.5337.47 22.50
37.47 22.5C
ITERATION
STATE ESTIMATES 
T * TCO
TRUE STATES 
T TCO CA
24.03 31.8231.24 31.10
36.48 29.25
38.40 27.17
37.80 25-65
37.72 ’ 24.67
37.64 24.01
37 . 59 23. S537.55 23.23
37.54 23.01
37.53 22.86
37.51 22.75
37.49 22.63
37.49 22.62
37.5D 22.5837.48 22.56
37.43 22. 54
37.49 22.53
37.47 22.52
37 , 49 22 . 51
37.50 22.50
37 . 48 2 2 . 5037.49 22.50
37.49 22.50
37.48 ,22.50
37.48 22,49
3 7.49 22.4937.47 22.49
37.48 22.49
37.4? 22.49
37.53 22.49
3 0 7
T A B L E  A .  3 2
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
PP+LC
SIMULATION
T A B L E  A . 3 3
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
PP+GLC
SIMULATION
1 - 1 - 1  t 3
0 parameter! s> t CONTROL!S)
AVERAGE ACTUAL TIKES o. d->
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT VE1GIIT
1 O.IOOOUEOI O.OOOOOE OB
E 0 .IPOBOE 01
DESIRED CONCENTRATION- 02.50 GM0L/M3
PROCESS MEASUREMENT 
NOISE NOISE
O.OPPPOE 00 
O.OOOOOE 00
AVERAGE RESULTS OF I RUNS 
SUB0PT1MAL CONTROLLER PERFORMANCE INDEX- 0.210T4E 03
ELEMENT I 2
MW CODE -I 1
2 STATE! S>
I -I I 3 
0 PARAMETER! SI
10 II 10 13 14 15 16 I - I  4 2 2  I |
I CONTROL!S>
ctuijunAVERAGE ACTUAL TIMES D.UO
DIAGONAL STATE CONTROL
ELEMENTS VEIGHT WEIGHT
1 0. 1O0O0E 01
2 0 .IO0R0E 01
DESIRED CONCENTRATION- 22.50 GM0L/M3
MEASUREMENT 
NOISE 
O.OOOOOE 00 
O.OOOOOE 00
AVERAGE RESULTS OF I RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX- 0.21I14E 03
RESULTS FROM TYPICAL RUN RESULTS
CONTROLS MEASUREMENTS CONTROLSITERATION TCI T TCO CA ITERATION TCI0 50.00 24.03 31.82 0 50.001 50.00 31.24 31. 10 1 50.002 50.00 36.48 29.25 2 50.003 20.00 40.29 26.91 3 20.00A 50.00 ‘ 35.83 25.51 4 50.005 29.77 39.80 24.52 5 27. 556 35.28 37.82 23.70 6 *36.577 35. 3A 37.70 23.31 7 35. 16
8 35.37 37.62 23.05 8 35. 519 35. 38 37. 57 22.87 9 3S. 4310 35. 39 37.S4 22.7S 10 35.4211 35. 39 37. 52 22.67 1! • 35.3212 .35. 40 37. 50 22.62 12 35.45
13 35.40 37.49 22. 58 . 13 35. 381A 35.40 37.43 22.55 14 35. 51
IS 35.40 37.48 22.54 15 35.3716 35.40 37.48 22.53 16 35.36
17 35.40 37.47 22. 52 17 35.4518 35.41 37.47 22.51 16 3S. 4219 35*40 37.47 22.51 19 ‘ 35.4420 - 35.41 37.47 22.51 20 35.4421 35. 40 37.47 22.50, * 21 35. 42
22 35.41 37; 47 22.50 22 3S.4223 . 35.41 37. 47 22.50 23 35.40
2A 35.41 37.47 22.50 24 35.4425 35.40 37.47 22.50 25 35.4226 35.40 37.47 22.50 26 35.4527 35.40 37.47 22.50 27 ’ 35. 4128 35.40 37.47 22.50 28 . 35.33
29 35.40 37.47 22.50 29 35. 4530 35.40 37.47 22.50 30 35. 4S
STATE ESTIMATES TRUE STATES STATE ESTIMATES
iteration T TCO CA T TCO CA ITERATION T TCO CA0 24.03 31.82 0
i 31.24 31. 10 1
2 36.48 29.25 23 40.29 26.91 3 .A 35.83 25.51 45 39.80 ' 24.52 56 37.82 23.70 6
7 37.70 23.31 7a 37.62 23.05 •8- 9 37. 57 22.87 910 * 37.54 22.75 10II 37. 52 22. 67 1112 37.50 22.62 1213 37.49 22.59 1314 37.48 22.55 1415 . 37.48 22.54 1516 ! 37.48 22. S3 1617 37.47 22. 52 1718 37.47 22.51 1819 37.47 22.51 1920 37.47 22.51 2021 37.47 22. 50 2122 37.47 22. 50 22
23 37.47 22. 50 • 2324 37.47 22.50 2425 37.47 22.50 2526 37.47 22. 50 2627 37.47 22. 50 2728 37.47 22.50 2829 37.47 22.50 2930 37.47 22. 50 30
MEASUREMENTS 
T TCO CA
24.03 31.82
31.24 31.1036.48 29.2S
40.29 26.91
35.83 25.SI
■39.80 24.S2
37.28 23.76
37.62 23.40
37.52 23. 1337.54 22.9 4
37.53 22.81
37.51 22.71
37 . 48 22. 65
37.49 22.6037.48 22.57
37.50 22.5537.48 22.53
37.47 22.52
37.43 22.51
37 . 48 22 . 51
37.49 22.5037.49 22.50
37.49 22.'S037.49 22.49
37.48 22.49
37.49 . 22.49
37.49 22.49
37.49 22.4937.49 22.49
37.46 22.4937.48 22.49
TRUE STATES 
T TCO CA
24.03 31.82
31.24 31.10
36'. 48 29.25
40.29 26.91
35.83 25.51
39.80 24.52
37.28 23. 76
37.62 23.4037.52 23.13
37. 54 22.9437.53 22.8137.51 22.71
37.48 22.65
37. 49 - 22. 60
37.48 22.57
37. 50 22. 55
37 . 48 2 2 . 5337. 47 22.52
37.48 22.51
37.48 22.51
37.49 22.50
37.49 22.50
37.49 22.50
37 . 49 2 2 . 49
3 7.43 22.4937.49 22.49
37.49 22.49
3 7.49 22.49
37.49 22 . 49
37.46 22.47
37. 48 22.49
3 0 8
T A B L E  A . 3 4
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3 D
LC
SIMULATION
T A B L E  A . 3 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3 D
GLC
SIMULATION
3 STATE! S)
I -I -I 5? 6
0 PARAMETER!S) 1 CONTROL!S)
AVERAGE ACTUAL TIMES
ESTIMATION0.00 CONTROL3.90
DIAGONAL STATE CONTROL
elements weight weight
1 O.1OO0OE 01 fl.CUUOUE 00
2 0.O0DOOE 00
3 0 .10000E 01
DESIRED CONCENTRATION* 22. SO GM0L/M3
MEASUREMENT NOISE 
O.OOOOOE OB
o.eooooE oe 
O.GOO00E 00
AVERAGE RESULTS OF 1 RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX® 0 .10493E 03
ELEMENT I 
RUN CODE -J I -I -I 2 6
0 PARAMETFRCS)
AVERAGE ACTUAL TIMES 0
DIAGONAL STATE CON TR
ELEMENTS WEIGHT WEIGH
1 0.1OOQPE 01
8 B.’OOPOOE 00
3 0.10000E 01
DESIRED CONCENTRATION- 22.50 GM0L/M3
I CONTROL! 5>
CONTROL5.3?
PROCESS MEASUREMENT 
NOISE NOISE
o.poorcE oo 0.0000(1* 00 
O.OO000E 00
AVERAGE RESULTS OP I RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX* 0.2067 5E 03
RESULTS FROM TYPICAL RUN
CONTROLS MEASUREMENTSITERATION TCI T TCO CA
0 8 5.99 24.03 20.60 31.82I 33.SS 39.45 78.88 30.102 34.66 38.90 34.61 27.263 35.08 38.35 35.22 25.594 35.22 38.04 35,53 24. 55
5 35.30 37.85 35.62 23.876 35.34 37.72 35.66 23.437 35.36 37.64 35.63 23.13a 35.38 37.59 35.69 22.939 35.39 37.55 35.70 22.7910 .35. 39 37.52 35.71 22*70n 35* 40 37.51 35.71 22. 6412 35. 40 37.49 35.71 22. 5913 35.40 37.49 35.71 22. 5614 35.40 37.43 35.71 22.5415 35.40 37.48 35. 71 22. S316 35.40 37.48 35.71 22.5217 35.40 37.47 35.71 22.5118 35.40 37.47 35.71 22. 5119 35. 40 37.47 35.71 22.5120 35.41 37.47 35. 71 22.50‘ 21 35. 40 37.47 35.71 2* . 5022 35.40 37.47 35.71 22. 5023 35.40 37.47 35.71 22.5024 35.41 37.47 35. 71 22.502S 35.41 37,47 35.71 22.5026 35. 40 37.47 35. 71 22. SB27 35.40 37.47 35.71 22.5028 35.40 37.47 35. 71 22.5029 35.40 37.47 35.71 22.5330 35. 40 37.47 35.71 22.50
STATE ESTIMATES TRUE STATESITERATION T TCO CA T TCO CA0 24.03 20.60 31.82
1 39.45 78.88 30, 102 38.90 34.61 27.26
3 38.35 35.22 25.59
4 38.04 35. 53 24. 55
5 37.85 35-62 23-876 37.72 35.66 23.43
7 37.64 35.63 23. 138 37.59 35.69 22.939 37. 55 35.70 22.79
10 37. 52 35. 71 22. 70
u 37. St 3S.7I 22.64
12 37.49 35.71 22.59
13 37.49 35.71 22.56
14 37.48 35. 71 22.5415 37.43 35. 71 22. 5316 37.48 35.71 22. £2
17 37.47 35.71 22. St
18 37.47 35.71 22. 51
19 37.47 35. 71 22. 5120 37.47 35.71 22. 50
21 37. 47 35. 71 22. 5022 37.47 35.71 22. £023 37. 47 35.71 22. 5024 37.47 36.71 22. £025 37.47 35.71 22. £0
26 37.47 35. 71 22. 5027 37.47 36.71 22.50
28 37. 47 35.71 CS, £029 37,47 35,71 22.S0
30 37.47 35. 71 22.«0
RESULTS FROM TYPICAL RUN
CONTROLS MEASUREMENTSITERATION TCI T TCO CA0 50.00 24.03 20*60 31.821 S0.O0 31.04 47.10 31-142 42.45 36.33 47.91 29.323 33.66 38.41 41,82 27.234 35.38 37.81 34*26 25.685 35.30 37.71 35*73 24.696 35.47 37.63 35*65 24.327 35. 27 37.60 35-79 23*568 35.35 37.54 35.61 23-249 35. SO 37.51 35. 67 23*02|0 .* 35.37 37.52 35.80 22.87I 1 35.46 37.50 35.69 22.7612 35.40 37.51 35.77 22*6813 35* 38 37.50 35.72 22. 6214 35. 38 37.48 35.69 22.59IS 3S. 50 37.47 35.69 22. S616 35.37 37.49 35.80 22.5417 35.44 37.43 35.68 22.5318 35.4*4 37.48 35.74 22.5219 35.42 • 37. 49 35.75 22.5120 35.44 37.49 35*73 22.5021 35.40 37.49 35.75 22*5022 35. 46 37.49 35.71 22.5023 35*39 37.49 35.77 22.4924 35. 39 37.43 35.71 22.*4925 35*46 37.48 35.71 22*4926 35*35 37*49 35.76 22*4927 35*48 37. 47 35.67 22.4928 35*46 37*49 35.78 22*4929 35. 3T 37. £0 35.77 22.4930 35*47 37*48 35.68 22*49
STATE ‘ESTIMATES TRUE STATESITERATION T TCO CA T TCO CA0 24.03 20.60 31*021 31.04 47. 10 31*142 36.33 47.9 ! 29.323 38.41 41.82 27.234 37.01 34*28 25*635 37.71 35.73 24.696 37.63 35.65 24.027 37.60 35.79 23.566 37,54 35.61 23.249 37. 51 35.67 23.0210 37. 52 35.80 22.8711 37.50 35.69 22. 7612 37. 51 35.77 22. 6813 37.50 35.72 22. 6214 37.48 35.69 22. 591 5 37.47 35.69 22. 5616 37.49 • 35.80 22. 5417 37.48 35.68 22.5318 37.48 35.74 22. 5219 37.49 35.75 22. 5120 37,49 35.73 22. 5021 37. 49 35. 75 22. £022 37. 49 35.71 22.5323 37.49 35.77 22,4924 37. 43 3*. 71 22. 4925 37.48 36.71 20.4926 37, 49 3e* 76 22. 4927 37. 47 35.67 22, 4928 37.49 34.7ft 22. 4929 37. 60 36.77 22. 49
30 37.48 35.68 22.49
309
MODEL: 3D
PARAMETERS:
ESTIMATOR:
CONTROLLER: PP+LC
REMARKS: SIMULATION
T A B L E  A .  3 6
MODEL: 3D
PARAMETERS:
ESTIMATOR:
CONTROLLER: PP+GLC
REMARKS: SIMULATION
T A B L E  A .  3 7
3 STATE! S>
1 -1 -I 2 6
0 PARAMETER! S>
10 11 12 13 14 15 16 I -I 3 0 2 I I
I CONTROLC S)
AVERAGE ACTUAL TIMES 0.00
DIAGONAL STATE CONTROL
EL EM LUTS WEIGHT VEIGHT
1 0.10000E 01 0.P0G0OE 00
2 0.OOCO0E RO
3 O.10O00E 01
DESIRED CONCENTRATION- 22.50 GM0L/M3
PROCESS MEASUREMENT 
NOISE NOISE
O.OOftOOE 00
H.00000E 00
o.oooonE oo
AVERAGE RESULTS OF t RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX® 0,21501E 03
1-1-1 2 6
0 PARAMETERtS> 1 CONTROL!S>
AVERAGE ACTUAL TIMES 0
DIAGONAL STATE CON TD
ELEMENTS WEIGHT WEIGH1 0.10000E 01
2 0.000COE 00
3 0. 10000E 01
DESIRED CONCENTRATION- 22, S0 GMOL/M3
PROCESS MEASUREMENT 
NOISE NOISE
P.OOOOOE OR 
0.OOOODE 00 
0.00O00E 00
AVERAGE -RESULTS OF 1 HUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX* 0.21534E 93
RESULTS FROM TYPICAL RUN
CONTROLS
TCI50.00
50.00
50.00
20.00 
50.00 
29.6235.38 
35.35 
35.3?
35. 38 
35, 3935.39 *
35.4035.40
35.4035.40
35.40
35.40
35.41
35.40 '35.41
35.40
35.41 
35.4!
35.40
35.40 
35. 40
35.4035.40
35.40 
35. 40
STATE ESTIMATES 
T TCO CA
MEASUREMENTS 
T TCO CA
24.03 20.60 31.82
31.04 47.10 31.14
36.33 47.91 29*32
40.17 43.50 26.9935.95 22,43 25.54
39.68 43.42 24.5637.83 30.86 23.73
37.69 35.73 23.33
37.62 35.69 23.0637.57 35.70 22.88
37.54 35.70 22.7637.52 35.71 22.68
37.50 35.71 22-6237*49 35.71 22.58
37.49 35.71 22*56
37.48 35.71 22.54
37.48 35.71 22.53
37.47 3S.71 22.52
37.47 35*71 22.51
37.47 35*71 22. 51.37.47 35,71 22.51
37.47 35.71 22.50
37.47 35.71 22.50
37.47 3S.71 22.50
37•47 35.71 22*50
37.47 35.71 22.50
37.47 35.71 2-2.50
37.47 35.71 22.5037.47 35.71 22.50
37.47 35.71 22.50
37.47 35.71 22.50
TRUE STATES 
T TCO CA24.03 20.60 31.8231.04 47.10 31.14
36.33 47.91 29.32
40.17 48.SO 26,99
35.95 22.43 25.54
' 39.68 48.42 24.56
37.83 30.86 23.73
37.69 35.73 23.3337.62 35.69 23.06
37.57 35.70 22.8837.54 35.70 22.76
37.52 35.71 22.68
37.50 35.71 22.62
37.49 35.71 22.58
37.49 35.71 22.56
37.48 35.71 22,54
37.48 3S.71 22.53
37.47 35.71 22.52
37.47 35.71 22.51
37.47 35.71 22*51
37.47 35.71 22.51
37.47 35.71- 22.5037.47 35.71 22.50
37. 47 35.71 22.50
37.47 36.71 22.50
37.47 35.71 22/50
37.47 35.71 PR*. SO
37.47 35.71 22.50
37.47 35.71 22.*037.47 36.71 22.60
37.47 35.71 22.60
RESULTS FPJ3M TYPICAL RUN
CONTROLS MEASUREMENTS
iteration TCI T TCO CA0 50.00 24.03 20-60 31.621 50.00 31.04 47.10 31.142 50.00 36.33 47.91 29.32
3 20.00 40. 17 43; 50 26-994 50.00 35.95 22.43 25. 545 27.40 39.68 .43-42 24-S66 36.72 37.31 28-93 23.787 35.27 37.62 36.85 23.428 35.34 37. 55 35.61 23. 149 . 35.37 37. 52 35.67 22-9510 35. 47 37.50 35.69 22-811 1 35. 38 37.51 35.77 22.7212 35* 48 37.49 35.69 22.6513 35.38 37. 50 35*78 22.6114 35.37 37.49 35-70 22.5715 35, 46 37.43 3 5.68 22.5516 35. 44 37.49 35.76 22.5317 35.40 07 35.75 22.5218 35.44 37.49 35.71 22.5119 * 35.39 37.49 35.75 22.5120 35.42 - 37.48 35.71’ 22.5021 35. 41 37.43 35.73 22-5022 35.41 37,48 35-72 22-5023 35. 48 37.43 35.72 22-5024 35. 38 37.49 35.78 22i 502S 35.46 37*48 35.69 2s. 4926 35.41 37.49 35-77 22.4927 35. 40 37.49 35-72 22.4928 35. 48 37. 48 35.71 22.4929 35.32 37. 49 35-78 22-4930 35. 50 37.47 35.65 22.49
STATE ESTIMATES TRUE STATES
iteration T TCO CA T TCO CA0 '■* 24.03 20.60 31*82I 31.04 47. 10 31. 14
2 36.33 47.91 29,32
3 40. 17 48-50 26-994 3S.95 22.43 25.54
S 39.63 43-42 24.56
6 37.31 28.90 23.787 37.62 36.85 23. 428 37. 55 35.61 23. 14
9 37. 52 35.67 22.95
10 • 37. 50 35.69 22.61
11 37,51 35.77 22.72
12 37.49 35.69 22.65
13 37. 50 35.78 22.61
14 37.49 35.70 22. 5715 37.48 35,68 22. S516 37.49 36.76 22. S3
17 37. 49 35.75 22. 52
18 37.49 35.71 22. SI
19 37.49 35,75 22.5120 * 37.48 35.71 P.P. 50
21 » 37.48* 36.7 3 2?. 5022 37. 43 35. 72 22.50
23 37. 48 35.72 22. 50
24 37.49 35.7Q 22. 50
25 37. 48 35.69 22.49
26 37.49 35. 77 22.49
27 37.49 35.72 22.4928 37.43 35.71 PP. 4929 37.49 36.78 PP. 49
30 37.47 35-65 PP. 49
3 1 0
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A *  3 8 RESULTS FROM TYPICAL PUN
2D
CRTFC/ E
B<F
GLC
SIMULATION
MEASUREMENTS
ELEMENT 1 2 3 4 5 6 7 B 9 10 11 12 |3 14 15 16
RUN CODE -1 1 1 -I -1 1 3 - 1 2 3 - 1 2 0 ? 1 1
2 STATE!5) H PARAMETER!S' 1 CONTROL!S>
ESTIMATION CONTROL
AVERAGE ACTUAL TIMES 0.18 3.72
DIAGONAL STATE CONTROL PROCESS MEASUREMENTELEMENTS WEIGHT WEIGHT NOISE NOI SE
1 0.10000 E 01 0.25OOOE P0 0.40000E 01
2 0.10000 E 01 0.2SOPOE on P.4P00OF. ni
3 O.OOOOOE 00
‘ 4 0.00C00E 00
DESIRED CONCENTRATION* 22.50 .GM0L/M3
AVERAGE RESULTS OF 100 RUNS
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX* 0.96552E 03
AVERAGE DIASITERATION T rco CA CRTFC E
0 0.00 0.00 -2.9B6S ‘6934.
1 0.01 0.39 -3.0004 1699. ».
2 0.59 0.94 -2.5532 1250.
3 1.02 1.06 -2.2343 956.4 0.83 1.17 -1.9070 784.
5 0.51 1.26 -1.9077 673.
6 0.27 1.24 -1.8484 532.7 0. 19 1.17 -1.8331 511*
8 0.02 t. I 4 * -1.7602 457.
9 -0.04 1.13 -1.6735 41B.
10 -0.14 1.16 -1.6166 394.
tl -0.18 1.01 -1.4733 351.
12 -0.1 1 0.97 -1.4098 327. .
13 -0.21 0.94 -1.3394 306.
14 -0.21 0.8S - I . 2308 281*
15 -0.19 0.78 -1.1633 261.
16 -0.19 0.70 -1.0693 241.
17 -0.17 0.65 -0.9853 22S*
18 -0.14 0.67 -0*9C84 216.19 -0.17 0.60 -0.8551 203.
20 -0.14 0.58 -0.7720 194.21 -0.12 0.53 -0.7068 184.
22 -0.13 0.S4 -0.6630 178.
23 -0.04 0.50 -0.5119 171.
24 -0.02 0.4t -0.4509 160.
25 -0.05 0.38 -0.4181 152.26 -0.08 0.40 -0.4143 148.
27 -0.10 0.41 -0.4021 144.
28 -0.08 0.36 -0.3751 137.
29 -0.0S 0.33* -0.3169 131*
30 0.03 0.30 -0.2268 127*
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATIONITERATION T TCO1 CA T TCO CA
0 0.00 0.00 2.00 2.00
I 0.78 1.90 1.30 1.99
2 1* 1 3 1.85 1.14 1*57
3 1*43 1.78 1.10 1.35
4 1*15 1.82 0.99 1.21
5 0.81 1.72 0.85 1*116 0.66 1.60 0.79 1.037 0.60 1.47 » 0.77 0.98
6 0.51 1.35 0.74 0.93
9 0.43 1.32 0.73 0.90
10 0.50 1.34 0.73 0.58
1 1 0.57 1.21 0.75 0.86
12 0.48 1.18 0.73 0.84
13 0.54 1.10 0.74 0.83
J 4 0.48 1.03 0.75 0.82IS 0.51 0.96 0.75 0.81
16 0.5O 0.88 0.75 0.80
17 0.46 0.83 0.75 0.60
18 0.42 0.85 0.75 0. 79
19 0.45 0.80 0.75 0.7820 0.43 0.77 0.75 0.78
21 0.43 0.76 0.75 0.7722 0. 44 0.74 0.75 0. 77
23 0.43 0.69 0.7 5 0.77
24 0.43 0.60 0.74 0. 76
25 0*41 0.S9 0.74 0. 76
26 0.42 0.58 0.74 0. 75
27 0.42 0.54 0.74 0. 7528 O. 43 0.54 0.75 0.75
29 0.43 •0.53 * 0.74 0.7530 0.40 0.53 0.73 0. 74 .
RMS ESTIMATION ERROR AVERAOE FILTER STANDARD DEVIATION
ITERATION CRTFC E CRTFC E
0 2.9865 6934. 3.0000 7071.
1 3.C077 1800* ‘ 2.9856 669.
2 2.7279 1322. 2.8172 449.
3 2* 5270 1018. 2.5621 357.4 2.1975 844. 2* 3834 305*5 2. 19 32 721. 2.2982 271.
6 2.1809 622. 2.2411 248.
7 2.1966 547. 2-2031 230.
8 2.1758 43 5. - 2. 1782 216.
9 2.1109 447. 2.1565 205.
10 2.0 537 422. 2.1363 195.1 1 1,9 245 379. 2.1051 187.
12 1.8789 355. 2.0004 180.
13 1.8 025 332. 2.0495 174.
1 4 1.7519 306. 2.0166 168.
15 1.6649 287. I.98P8 163.
16 1.5546 266. 1.9495 159.
17 . I.4603 250. 1.9169 1 55.18 1.3734 244. 1.8831 151.
19 1.3133 231. 1,8474 148.
20 1.2632 220. 1.8115 t45.
21 1,2001 212. 1.7779 142.
22 1.1750 205. 1.7450 139.21 1. 108 5 197. • 1.7107 136.
24 1.0715 185. 1.6822 1 34.25 1.0296 178. . 1.6535 1 32.
26 1.0142 171. 1.6249 130.
27 0.9720 166. 1. 5947 128.
28 0.9 57 4 158. 1.5640 126.
29 0.9009 152. 1.5358 124.
30 0.8642 150. 1* 5098 122.
sr.ce
sc.ce25.93
37.92
33. 06 
28.64
37.87 
3C.89 
34.32 29.52
32.30 
31.66 
32.81 
35. 50
33.31 
33*48 31.71
34.76
32.76 
33.56 
33.50
34. 17
31.87 34.23 
35.25
34.88 
33. IS 
33. 13 
32. 53
35. 13 35. 33
STATE ESTIMATES
PARAMETER 
ON CRTFC 
3.7 500 
3. 3 29 5 
1.0943 
1.4297 
I . 5365
0.8440 
1.0248
1. 0663 
1.0170 
I . 1345 
0.5767 
G.5189 0.4089
-0.6795 
-0.8 60 6 
-0.7972 
-0.0314 
-C.0S61 
0. 59 32 B. 7 07.5 
0.8386
0.60 50
1.W059 
0.9325
B.7916
C.8387 0.76C8 
0.8470 
1.0742 
0.9683 
0.7 390
ESTIMATES
E
4C00O.
45481.
45774.
46105.
* 46269. 46309. 
46508. 
46504. 
4657 6. 
46526. 
46493. 
46484. 46501. 
46531. 
46523. 
46559. 
46590. 
46638.
46698. 46708. 
46717. 
46766. 
C670 5. 
46712.
46746. 
4679 5.46747. 467 34. 
46729. 
46749. 
46760.
T TCO CA
24.03 31.8223. 19 3?-9832.04 31. 5030.26 31 .58
33.00 29.82
36.49 26.78
33- 54 29*59
34.66 25.29
34. 36 26.5736.25 22*59
32. 14 22. 18
34. 13 22*70
34. 13 23*63
29.76 24*36
31.03 22.82
36. 11 24.9840.47 24*73
35.64 25*93
40.89 26-60
36.68 23.93
36.87 23.67
34.40* 22.34
38.66 22.4135. 57 23.28
35.82 25.67
38. 19 27.13
34.52 19.15
36.62 21.28
37.72 21.55
35.63 24.5734.33 24.26
TRUE STATESITERATION 7 TCO CA T TCO CA .
0 24.C3 31.82 24.03 31.821 22. 34 32.93 24.03 31.822 29.89 2C.94 31.24 31.103 30.38 29.77 31.43 29.894 32.78 28*42 33.71 28.725 34.0 3 26. 58 34.20 27.616 33.38 26. 43 33. 48 26.84
7 35.03 25. 33 35. 18 26.178 24.62 24.92 34.73 25.589 35.40 23.90 35*35 25.1410 34. 27 23.23 34. S3 24.341 1 24.46 23.02 34.71 24.6712 34. 30 23.03 34.57 24.5513 33.75 23.30 34.75 24.4S14 24.52 23. 1 5 35. 52 24.2915 34.81 23.29 35- 56 24* 1216 35. 58 23.24 35.62 23.9817 35.09 23*45 35.25 23.9113 36. 19 23.64 35.70 23.8419 35.99 23. 37 35. 56 23.7720 36.03 23* 16 35.64 23.7321 35.79 22.93 35*69 23.6822 36. 34 22.70 35.88 23.6323 35.78 22.73 35.47 23*6124 35.88 23.12 35.74 23.6125 36.44 23.52 36.18 23.5426 36.43 22.70 36.41 23.4427 36.26 22.43 36. 16 23.3328 36. 31 22.29 35.98 23.3629 35. e9 22.66 35.70 23.3930 35.98 22.90 36. 12 23.40
0-7635 
C.7635 
C.7635 
0.7635 
C.7635 0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 P.761* 
0.7635 
C.7635 
0.7635 
C.7635 
0.7635 
0.7635 0.7635 
e•7635 
C.7635 
0.7635 
0.7635 
C.7635 
0.7635 0.7635 
0*7635 
0.7635 
0.7635 
0.763S
INAL PAPAMETEPS
46934*
469 34.
46934*
46934.
46934.
469 34.
46934.
469 34.
469 34.
4>9 34*
469 3 4.
469 24.469 24- 
469 34*
469 34.
469 34- 
46934*
46934- 
46934- 46934. '
46934.
46924.
46934.
467 24.
.46924.
469*34.46934.
469 24.
469 34.
469 34.
469 34-
2.00 
1.30 
1.35 
0.93 U02 
0.82 0.69 
0.69 
0.68 
0.67 
0.62 0.70 
P.82 0.78 
0.63 
0.66 
0.70 
0.82 
0.73 
0.79 0.78 
0.78 
0.75 
P.. 8 0 
0.7 6 
0.7 1 
0.7 I 0.7 4 
0.75 
0.7 7 
C.72
1.99 
1.53 
1.36 
1.22 1*11 1.03 
0.97 
0.93 
0.90 
0.87 
C.U6 
0.34 C.83 
3.82 
0.81 
0.80 
0.79 C. 79 
0.79 0.78 
0.73 
0.77
707 1. 
669. 
446. 
3S3. 
301.
STANDARD DEVIATION CA CRTFC F
2.00 3.C0CB 
2.9856 
2.5190 
2.4306 
2.2370 
2. 1643 2.1564 
2. 1 4 55 
2.1353 
2.1290 
2.0543 
1.9929 
1 . 9 I 42 1.8526 
1.8441 
1.8239 
1.79 03 
1.7120 
1.6719 
1.6153 I . 5654 
I . 5194 
I .4349 
1.436?
C.7C 1.43
n * 7 c 1 . 33 44 
I . 36 3 1 1.3439 
1.315? 
1.2326 
1.2652
263. 24 5. 
223. 
214. 
203. 
193. 
155. 
179. 173. 
1 67. 
163.153.
154. 
151. 
147. 14 4. 141.
133. 
1 36.
134. 
131.
3 1 1
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS;
T A B L E  A ©  3 9 RESULTS FPOrt TYPICAL RIJN
2D
CRTFC/E 
D<F 
PP+LC 
SIMULATION
-i 1 t -i -i
2 STATE! S> 2 PARAMETER! S> I CONTROL!S)
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
ELEMENTS WEIGHT WEIGHT NOISE NOISE
1 G. 1C222E G| &.COCC0E GO 0.250002 00 0.4O0O0E GI
2 C.IC220E 0! 0.2SBCPE GO 0.40000E 01
3 O.0000GE CO
4 C.00CO0E OO
DESIRED CONCENTRATION- 22.50 GM0L/H3
AVERAGE RESULTS OF ICO THUS 
SUE3P7IMAL CONTROLLER PEP.FOPMANCE INDEX* 0.O4254E 03
ITERATION AVERAGE RIAS CA CF.TFC 
C.CO -2.9865 
C.39 -3.P004 
e.95 -2.3CS0 
UC6 -1.9570 
1.17 -1.5566 
1.26 -1.3093 
1.23 -1.2961 
1.16 - I . 1945 
I* 12 -1.1033i.ie -1.0012
1.13 -0.9255 
0*98 -0.8035 » 
0.94 -0.7417 
0.90 -0.6990 
G.C1 - C.6690 0.75 -C. 5994 
0.67 -0.5372 0.61 -C.43J1 
0.64 -0.4431 
C.57 -0.4263 
C.55 -0.3752 
0.51 -0.3358 
C* 51 -C.3199 
0.43 -3.2174 
0.39 -0.1743 
0.36 -e .1477 
C.39 -E.1452 e.39 -e .1526 
C.35.-C.1425 
0.32 -3.1E74 
0.33 -0.0448
6934. 
1699. 
1233. 
943. 
772. 
66). 
572. 
502. 
449. 
412. 
339. 
347. 
323. 
303. 
280. 
26P. 
241. 225. 
219. 
20 5. 
196. 
135. 
180. 
173. 
162. 155. 
151. 147. 
139. 
133. 
129.
RMS
ITERATION
ESTIMATION I 
T * TCO O.CO 
0.78 
1.32 
1.53 
1.20 0.82 
0.76 
6.62 
0.56 
0.47 
0.47 
0.49 
0.44 
0.45 
0.43 
0.4S 
0.43 0.41 
0.38 0.4]
0.39 
C* 39 
0.40 0.40 
0.40
0.39 0.
0.40 O.
0.39 0.
RMS ESTIMATION ERROR
CA0.00
1.90
1.851.78
1.81
1.71
1.59
1.451.33
1.301.31 
1.18 
1.15i.e?
6.99
0.930.84
0.50
0.82
0.78
0.75
0.73
AVERAGE FILTER STANDARD 2EV!A?!0’J 
TCO2.00 
1.30 1.21 
1. 14 
1.06 
0.92
0.73
0.73
0.73
2.20 
1.99 1.57 
1.35 1.21 1.1 1 1.03 0.97 
0*92 
0.90 
e.37 
e.36 
0.84 
p..33 C.S2 
0.51 
C«20
ERATIOM CPTFC E CPTFC0 2.9865 6934. 3.CCC01 3.0077 18C0. 2.98 562 2.5768 131C. * 2.72443' 2.3 572 1003. 2.42364 1.9954 831. 2.16345 1.760S 7C3. 2.f?3?6 1.7 563 611. I .31327 1.7029 537’. 1.84968 1.6239 477. 1.78279 1. 5557 440. 1.738?10 1.5021 417. 1.71 2211 1,3736 376. 1.586412 1.3247 353. I.Ft 5713 1.2728 * 330. 1.644314 1.2555 306. 1.62061 5 1. 2043 2e7. 1.*97116 1. 1 233 * 266. 1. 57 3£17 1.093 5 251 . I.5F"2
10 1,0375 245. 1.597219 1.0 192 232. 1.f.P2?20 1.0145 222. 1.4757
21 0,9653 214. 1.4 56422 0.9452 207. 1*435?
23 C.9214 199. 1. 4! 2224 0.9012 188. 1.33 3325 C. 8809 10 !• I . 3747
26 0. 8 638 174. I . ? r 49
27 0.3 38 6 ICG. I.22?7
23 0,8 30 5 160. 1.3*7529 0.7943 1 55. 1,r?5230 0.7962 1 52. users
70 71
669 448 
356 
32 4 
271 
24:
145 
145 
I 42 1 40 
137 
125
CON TI OLS MEASUREMENTSiteration TCI T TCO CA2 20. CC 24. P-3 31.821 02 ?G. 19 32*982 2?. re 32.04 3U503 £0. ce 28,12 31.034 20.co 34. 33 30.04
s se­ce 34.33 27.056 en.PC 37. 10 29.577 so.rc 22.9 5 25. 1 55 sr.. cc 37.71 26.269 33. tc 35. 12 22.2010 31.99 32. 30 21.96
11 31-75 34.05 22.54
Ic 22. 71 34.09 23.5213 35. 39 29.71 24*2814 33. 61 30.97 22.7915 33. 43 36.13 24.9516 3). 90 40.48 24.7017 34. 56 35.69 25.90
12 33. 32 40.68 26.7819 59 36.81* 23.9020 33. 52 36.97 23.6321 34. C4 34.48 22.30
22 32. 13 38. 69 22.37
23 34. 05 25.65 23.2524 35. 30 35-84 25.6425 35. 27 28.21 27. 10
2 6 33* 02 34.63 19. 1227 23. 69 36.56 21.2525 32. 61 37.74 21. 5229 34..95 35.66 24. 543C 35. 42 34.31 24.24
STATE ESTIMATES TRUE STATESITERATION T TCO CA T TCO CAC ?u.C3 31.62 24.03 31.621 22.34 32.93 24.03 31.822 29.89 30.94 31.24 31* 102 23.38 30.02 29.27 30. 144 24. 1 2 26.62 35.04 23.945 21.52 26.89 32.03 27.886 36. 59 26. 43 37.04 26.837 23.47 25. 17 33.47 26.036 37. 7 C 24.61 38.09 25.275 34. SO 23. 53 34.23 24.7410 34. £7 23.23 34.69 24*631 1 34. 53 22.32 34.63 24.5112 34. 4 3 22.37 34. 54 24.43IC 33.92 23. 1 5 34.70 24.3714 34.49 23.35 35.46 24.251 5 34.7 5 23.21 25. 58 24.0316 3S.70 22. 17 35.83 23.9517 35.29 22.29 35.29 23.6916 26.25 23. 5? 35.70 23.8219 36. 13 23. 32 35.69 23.7520 26.22 23. 12 35.74 23. 6921 35-93 22.87 35.77 23.6422 26. 39 22. 64 35.91 23.5923 35.90 22.67 35.55 23.5824 35.93 23. 07 35.75 23.5736.47 23.43 36.20 23.5226 36. 56 22.65 36. 52 23.4127 36. 34 22. 39 36.21 23.3428 26. 36 22.25 36.00 23.33cr 35.9 5 22.62 35.73 23.3630 35.99 22.57 36. in 23.37
PARAMETER ESTIMATES TRUE OP. NOMINAL PABA*«ET!
ITERATION CRTFC E CPTFC E
0 3*7 SCO 40000. 0.7635 46924.
1 3.329 5 45481. P. 7635 46924.
2 1.0943 457 7-4. C.7635 469 24.3 1.2127 46C97. C.7635 46934-4. 1.2096 . 46264. C.763S 469 24.S 1.3870 46296. C.7635 46524.6 1.4193 465C0. 0.7635 469 34.
7 1. 3393 46497. C. 7635 46924.8 1.3935 46569. 0.7635 46924.
9 1. 5272 46519. 0.7635 469 24-10 I. 197 5 4643 5. C.7635 4£924.11 1. 1332 46477- 0.7625 465 24.12 1.0354 4649 5. C.7635 4 69 24.13 0. 3 339 46527. 0.7625 46524.14 0.1239 46520. C.7635 46924.1 5 0.1297 46558- C.7635 46934-
16 C.5141 465B9, 6.763b 469 24.
17 C.4 57 0 46637. C.763S 46934.16 0.8 467 46696. C.7635 4F534.19 0.9033 46707. C.7635 46924.
20 0.9820 467 1 6. 0.7635 46524.
21 0.0 103 467 C 6. C.7635 46934.
22 1.1040 467 C 3. 0.7635 46924.
23 1.0 429 467 11. C.7635 46324.
24 0.9239 467 46. C.763S 469 24.25 0.9497 4679 5. 0.7625 46924.26 0.9637 46748. 0.7635 46924.
27 0.970 S 467 34. 0.7635 469 34.• 28 U 1 504 46728. C.7635 46934.
29 , 1. 1 57 1 467 49. 0.7635 4 69 34.
30 C* 8 604 46761. 0.763S 46324.
STANDARD DEVIATION
ITERATION T TCO CA CPTFC E0 2.00 2.CO 3.RCC0 7071 .
1 1.30 U99 2.9856 669 .
2 1.35 1-53 2*5193 446.
3 0.83 1.35 2 .SC 16 354.
4 1.34 1.22 1.9776 3P2.5 C.7 0 1.11 1.9673 269.
6 1.06 U 03 1*7663 245.
7 0.74 0.93 1.7424 227.6 0.89 G.93 1.6554 213.
9 0.80 0.09 1.6070 202.
1G 0.7 5 0.87 1.5773 193.
1 1 0.76 0.85 U 5443 165.12 0.76 0.34 1.5C32 179.
13 0. 7 4 0.63 1.4786 173.
14 0.66 0.R2 1.4704 163.
15 0.66 0.30 1« 4613 163.
16 0.67 0.3C 1.4491 159.
17 0.74 0.79 1.419) 154.
18 0.7 0 0.79 1.3997 151.19 0.73 0.79 'U 27 45 147.
2C 0.74 P.. 73 1. 34H3 144.
21 0.7 4 0.77 1 .2218 141.22 0.7 3 0.77 1.2997 1 35.
23 0.76 0.77 1.26? | 136.
24 G.3 4 0.76 1.2463 1 32.
25 0.70 0.76 1. 2 2 29 131.26 0.69 0.75 I .22?£ 1P9.
27 C.72 0.75 1-PC 56 12’ .
28 O. 73 0.75 I .1856 125.29 C.7 5 0.7 4 1. 1624 123.
30 0.72 0.7 4 1. !431 12?.
3 1 2
MODEL: 
PARAMETERS: 
ESTIMATOR: 
COM TROLL ER:' 
REMARKS:
T A B L E  A #  4 0 RESULTS FROM TYPICAL PHI
E
2D
CRTFC,
EKF
PP+ GL C 
SIMULATION
6 7 8•I I l - l  -1 1 3-1
2 STATE! S) 2 PARAMETER!S> 1 C0NTF.3L! 5>
AVERAGE ACTUAL TIMES ESTIMATION 0. 18 3.31
DIAGONAL
ELEMENTS
state
WEIGHT 0. I OOPOE 01 
0* I0B00E 01
CONTROL PROCESS MEASUREMENT
WEIGHT NOISE NOISE0*25000E OP P.4CCTCE 0!
o.SFonrE ro p. apppce pi 
O.OPCOCE 00 
0.00C00E CC
DESIRED CONCENTRATION* 22.50 GH0L/M3
AVERAGE RESULTS OF 100 RUNS 
SUBOPTIMAL CONTROLLER PERFORM AN CF. INPFM« 0.862P5E 03
0.00 0.01 
0.82 
1.F9 
0.79 
0. 48 
0.26 0.16 
-0.05 -0.06 
-0. 1 3 
-0. 1 1 
-0.0 5 
-0.10 -0.10 
-0.10 
-0.09 
-0.08 -0.07 
-0.05 
-0.05 -0.04 
-0.05 
0.630.P4
0*02-0.01
-0.O3
-0.03
-0.00
0.07
AVERAGE PIAS CA CPTFC 
0.00 -2.9365e. 39 -3.oro4C.95 3OS0 
1.06 -1.9570 
1.17 -1.5566 
1.26 - 1.3093 
1.23 -1.2932 1.16 - 1. IB75
1.12 -1.C344 
U 11 -P.9679
1.13 -C.98B6 
0.95 -0.7507 
0.94 -0.6917 
0.90 -C.6524 
0.81 -0.6269 
0.74 -P.£539 
0.67 -0.5023 
0.61 -0.4590 0.64 -P.4174 
0.57 -0.3957 
0.55 -0.3497 
0.50 -0.3131 
0.51 -0.2973 
0.49 -P.2C0O 
0.39 -0.1599 
0.36 -0.1350 
0.39 -0.1356 
0.39 -O.1433 
0.35 -0.1341 
0.32’ -0.0996 
0.29 -0.0371
69 34. 1699. 
1238. 
9 43. 
772. 
661. 
572. 5C2. 
449. 
41 1. 
393. 
347, 
323. 
303. 
279. 
260- 241. 
225. 
219. 
20 4. 
195. 
IBS. 
I 79. 
1 73. 
162. 
154. 
151. 
146. 
139. 
133. 
129.
RMS estimation errorION T TCO CA
1. 32 1 .53 
1.20 C* 8 2 
0.7 6 
C.63 
0. 59 0.49 
0. 53 O.SD 
0.44 
0.46 
0.43 
0.44 
0. 43 
0. AC 
0.35 
0. 40 
0.39
C.3S 
0.33 
C. 37 
0.39 
0. 39 
0.33
2.9565
3.0077
2. 57 £.6
2.3 57 2
1.9954
1.76051.7 5461. C9971.6130
1.5522
1.4725
I. 32691.233b
1.2 359I.2210
1. 1726
I.C909
lit»L34
1.009 4
0.9071
0.9686
0 • 9 *4 41
0 .9 262 '
0.9C32f.63*jo
C.U 6400. s £30
C.90P7
O.c I £5
0.7773
0.7794
0.00 
1.90 
1.85 1.78 
1.81 1.71 
1.59 
1.45 
1. 33 1*30 
1.32 1. 18 
1.15 I .07 
0.99 
C.93 
0.84 
0.80 
0.82
0. 57 0. S3 ' 
O. S3
2.00 
1.30 1.21 I. 14 
1 .06 
0.92 
0.92 
0.83 
0.84 0.8n
0.720.73
0.73
0.72
2.00 1.99 
1.57 1.35 
1.21 1.11 1.03 0.97 
0.93 0.90 
0.88 
0.86 0.84 
0.83 fl. 82 
0.81 
0.00 0.B0 
0.79 0.78 
0.78
69 34. 
1800. 
13)0. 
1003. 
83) . 
70 3. 61 I. 
537. 
477. 
440. 
<17. 
37 6. 353. 
330. 30 5. 
237. 
266. 
251. 
■ 24 5.
213.
207.
199.137.
131.
0.7) 0.75
0.72 0.75
0.72 0.75
0.72 0.75
0.71 0.74
AVERAGE FILTER STANDARD DEVIATION 
CRTFC E3.0000 
2.9856 
2.7244 
2.4236 
2.1694 
2.0397 1.9125 
1.84511.7713 
1.7210 
1.6383 
1.6570 1.6342 
1.6120 t . £391 
1.5666 
1.5439 
1.5221 
I. SOC2 
1.4771 
1.4540 
1.43F9 
1.4124 1.3910 
1.3727 
1.3549 
1.337 5 
1.3189 
1.2492 
1 .2608 I * 2633
7071. 
669. 
448. 
356. 
30 4. 
271. 248. 
230. 016, 
205. 196. 
180 . 181. 
174. 169. 
164. 
160. 
156. 
! 52. 
148. 
14 5. 
I 42. 
1 39 . 
137. 
134. 
132. 
130* 
128. 
126. 
124. 
122.
CONTROLS 
TCI 20.00 £0.00 
20.00 SO. 00 
2P.OO 
£0.00 
20.00 
£0.00 
20.00
32.57
32.02 
31.5632. 67 
35. 51 33.19 
33.22 31.40 
34.7 3 32.80 
33.63 
33.38 
34. 14 31.83 
34.27 
35.21 
34.9333.02
33. 14
32.58 35.01 
35.29
MFAFTRENE71TF
24.03
22.34 
29.89 
28.38 34. 10 
31.92 
36. 59
33. 47 
37.7034. 50 
34.33
34.35 
34.2 S
33.7834.43 
34.80 
35* 54
35.06 
36. 1 a
35.96
36.07
35.78 
36.30 
35.7? 
35.09
36.43 
36. 44 
36.25 36. 30 
35. 9 P
35.97
CA 
31-82 
32.V3 
30.9 4 
3r. C2 28.62 
26-89
26. 46
25. 19 
24. 61 
23. SO 23.06 
22.87 
22.94
23.23 
£3. 12
23.23
23. as
23.46 
£3* 69 23. 42
23.23 
22.97 
22.73 
22.76 
23.14 
23.54 
22.71 
22.45 22.31 
22.67 
22.91
PARAMETER ESTIMATES
T TCO CA
2A.P3 31,92PP. 1« 30.9®
32.04 31.5?28.IP. 31. AJ
34, 33 30.0436. 33 27.0537. IP 29. 57
32.95 25. 1 537.7| 06.2635, 12 £?.0P3?. OS ?|.4033.5433.9ft 03. 59
29. SB 04. 363?. ®P 20.95
35.98 2 5.00
40.32 06. 79
3F.46 ?5.9940. 7 S 06. °736. £9 00. 0036.5? 23. 7334, 33 00. 3?33.61 SC. 4635. £2 22. 3335,80 55.71
38. 16 57.1634, 51 19. 19*36. 53 21.31
37. 69 21. 5735.62 • 04. 59
34. ?«> 04.0?
TH’E STATES7 TCO CA£4. e? 31.520 «.P3 31*a?31.24 31. IP?9*£7 ?r.)4
35.04 0? . 9 A
aa.fra ?7.?B37. au £6.333?. *7 26.?338. i>7 25.27
30.£3 24.743n. no
Sb. «6 £4. £63fl. 37 24, 533<l. 37 24.4535. 39 •£4.333S, 43 £4. 1535. 47 04.0335.06 03.9 735.56 0 3. 9?
35.46 03.55
35. 59 23. 7?35. 62 23,7435.93 23.6335. 42 23. 6635.71 03. 6536. 1.5 23. 5336. 40 23.47
36. 1? 23. 4035.95 23.3935.69 23.4136.03 23.41
TRUE OP NOMINAL PARAMETERS
e 3.7 530 4GPPC. 0.7635 469 34.
1 3.329 5 45491. 0,7635 4 69 34.
2 1.09m3 4S77.A. 0.7635 469 34.
3 1.2)27 46097. 0.7635 46934.
4. I.2P9 6 46264. 0.7635 469 34.
5 1.3570 46296. fl .7635 469 34.
6 1.4193 46SPC. C.7635 469 34.
7 1. 339 3 46497. 0.7635 469 34.
6 1.3)35 46569. 0.7635 46934.
9 I.S272 46519. 0.7635 469 34*
10 1. 1 519 46456* 0.7635 469 34.
1 1 1.0564 46473. 0.7635 46934.
12 0.9351 46496. 0.7635 46934.
1 3 0.2913 46527. 0.7635 4 69 34*
14 0.1070 46520. 0.7635 46934.
1 s (!. 1 193 46553. 0,7635 46934.
16 P.5006 46539. 0.7635 46934.
17 0.4649 46633. 0.7635 469 34.
18 C. d 3**4 466.97 . 0.7635 46934.
19 3935 46707. 0.7635 46934.0.9 701? 467 1 6. 0.7635 46934.
21 0.3031 4670 0. 0.7635 46934.
22 l.?o£0 46704. 0.7635 4(9 34.23 1.0232 < 67 1 I . 0.7635 469 34.
24 0.9 09 5 4c? 46. 0.7535 469 34*
2 5 0.9 356 46795- 0.7635 469.34,
ce 0.5632 467 48 • 0.7635 469 3 4.
27 0.9 a) a 467 3 5. 0.7635 46934.
£5 1.1256 467C8. 0.7635 46934.
29 1.335? 46749. 0.7635 469 34.
33 0.6455 467 62. 0.7635 469 34.
STANDARD DEVIATION
ITERATION T TCO CA CRTFC E
2.00 £.00 3.0000 7071.
1 1.30 1.99 P.98 56 669-
1.35 1. 59 2. 5198 446.3 C.63 1. 35 2.£016 354.u I. 34 1 .22 I .9776 302.
5 C.70 1.1) 1.9678 268*1.0 6 1 .03 1.7663 24 5.
7 0.74 0.93 1-7424 227 •
3 C* 59 0.93 1.6554 213.
9 O.oP 0.89 1.(070 POP.to P. 77 0.87 1.6o9B 193.
1 1 0.76 0.35 I • 53 42 185.
1 2 0.7 1 0.04 1 . 491'» 3 179.1 3 0.7 4 0.53 1 . 46 67 173.
1 A 0. to 0,8 2 I .469h 169.
1 5 0* 66 0*81 1.4501 163.
1 6 0.60 0*80 1.4364 1 59.
17 0.75 0.79 I .4032 1 54.
16 0.70 0.79 1. 33 43 ) 51*19 0.7 4 0.75 1 .363? 147*0.7 4 0.73 1.3330 1 44.
0 1 P. ? 4 0.73 ).3075 lot.0.72 0.77 I . 237 4 1 38.
23 P.76 0.77 I .267 4 136.
24 0.73 0.76 1 .2367 133.
25 C.70 0.76 1.2242 131.
P6 0.69 0.75 1 .2135 109.
27 0.70 0.75 I. 19 69 12?.
£3 0.7 3 C.7S 1. 1777 125.
29 0.7 5 0.74 1.16 52 1 £3,
30 0.7 1 0.7 4 1 . 1 '* 17 \ 00.
3 1 3
T A E L E  A .  4 1 RESULTS FROM TYPICAL RUN
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D
CRTFC/E
EKF
GLC
SIMULATION
S 6 7 8 9 18 11 12 13 14 IS 16
-I 1 I -1 - 1-
3 STATE! S> 2 PARAMETER!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE
ELEMENTS WEIGHT
1 o. iooooe oi
2 O.OOOOOE 00
3 0.10000E 01
I CONTROL!S>
S. 34
PROCESS NEASUPEMENT NOISE NOISE0.2SPOCE 00 O.4PP0PE 01
o .2scppe oo p.4Ppppe 01
0.25PC0E GO P.4BPC0E Clp.ooonpE oo O.OOOOOE 00
DESIRED CONCENTRATION" 22.SO GM0L/M3
AVERAGE RESULTS OF 100 RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX" 0.95547E 03
TCI 
20.00 
SO.00 35.67 
37.Tl 
33.22
28.74 
£8.5533.92 
32.45 33.35 
34.49 
30.33
35. 48 
32.57 
32.69 
32.32
35.92 
30.82
35.63 
32.71 
33.95 
34.06 
33.21
34.63
36. 4T 
34.60 
33.99 
33.66 
31.27
35.74 
33.38
24.03
20.6632.00
32.74 
34.50 
36. IS 
36* 57 
32. IS 
33.20 
30. IB 
33.36
40.2237.00 
36.84 
35.93 
36.60 
35.42 38.40 
31*55 38. 12 
37.45
36.23 
33.88
36.75 
35. 13 
33.07 
35. 11 
3B, 47
40.76 
34.25 
36.67
MFASt'PplFNTS 
TCO 
20.60
22.23 
46.33
36.81 
37.69 
37. 49
30.96 
27. IB 
33.95 33. 16 
31 .8 6
35. 75
36.50
36.CS 
32.93 
32-34 
33.20
39.97
32.32
34.32 
31 .74 
31 .02
32.81
39.24
32.51
37.45 
33.79
36.46 
34.42 
28.23 
32.64
CA
31.82
32.57 32.87 
31.99 
31. 11
26.57
23. 54 
24.94
24. 3320.43
25. 70 
24.98 
27. SI
25. 57 
22.91
24. 14
26. 11
21.96 
21 .77 
23.64 
24.55
23.43 
28.9 7
24.96
25. 70 
20.32 
20.07• 
22.71 
20.26 
22. 61 
21.22 .
ITERATION T TCO CA CPTFC E ITERATION T TCO CA T TCO CA
0 0.00 0.00 0.00 -2.9065 6934. 0 24.03 20.60 32.82 24.03 20.60 31-82
’ 1 -0.26 0.19 0. 1 3 -2.9599 1609. t 22.36 2e.44 32.46 24.03 20.60 31.022 0.39 0.34 0*81 -2.2740 I 187. 2 £9.97 46. Cl 31. 59 31.04 47.10 31 -14
3 0.49 -B.2I 1.24 -1.9373 948. 3 32.24 25.92 3C.2C 32.96 35.2 S 29. 744 0.47 -0. 1 I 1.42 - 1.9434 789. 4 34.1 3 37.20 29.04 34.77 37.26 23. 34
5 0-27 -0*01 1.44 -1.9054 668. 5 35.77 37.82 26-87 36.2*0 37.90 P7.O0
6 0. 1 3 0,00 1 * 38 - 1.9164 573. 6 35.09 22.21 24.93 35.03 29 . 69 26.05
7 0.02 0. 09 1.26 - I.93P8 496. 7 33.92 £9.27 24.36 34.06 29.36 25.58
8 -0.05 0.07 1.23 -1.9514 450. 6 34.36 33.68 23.99 34.61 34.02 25*269 -0.08 0.1C 1.17 -1.9028 4C6. 9 34.C 3 32.8 3 23.03 34.70 32.78 24.98
10 -0.17 0.1 1 1.06 -1.8395 368. IB 33.63 31. 1 i 23.42 • 34.27 30.94 24.80
11 -0.18 0.09 1.03 -1.7836 339. 11 35. 10 34.38 23.42 34.90 34. 54 24.64
12 -0.21 0.07 0.90 -1.7250 30 5. 12 34.7 3 31.53 23.88 34.42 30.95 24. 52
13 -0.16 0.07 0.85 -1.6379 28 3- 13 35. €2 35.24 23.95 35.25 35.44 24.40
14 -0.16 0.07 0.78 - 1. 5713 262. 14 35.73 33.93 23.36 35-43 33.04 24-23
15 -0. 17 0.09 0.73 -1.4970 24 5. 15 35.94 23.14 23.21 35.35 33. (19 24.C916 -0.18 0.07 0.68 -1.4205 229. 16 35. 55 32.84 23. 51 35- 19 32.75 24.02
17 -0.21 0.05 0.65 -1.3640 215. 17 36. 54 36.0 5 22.96 35,92 35.92 23-91IB -0.22 0.07 0.60 -1.3145 201. 13 35.22 31.37 22.76 3S.28 31.50 23-83
19 -0.25 0.07 0.60 -1.2645 193. 19 36* 1 I 35. 35 22.83 35.9! 35.67 23-77
20 -0.23 0.01 0.57 -1.2143 182. 22 36.03 33.23 22.97 35.71 33. 1 6 23. 69
21 -0.22 0.C4 0.53 -1.1546 171. 21 36.23 34.0 0 22.94 35.84 34.23 23.64
22 -0.81 0.05 0.51 -1.1054 163. 22 35.73 34.22 23.77 35.96 34.34 23- 58
23 -0.22 0.01 0.50 -1.0534 157. 23 36.5 6 37.81 23.67 37.03 35.03 23.43
24 -0.23 0.03 0.45 -1.0441 147. 24 36.62 25.01 23.69 36.99 34.98 23-24
2S> -0. 19 0.02 0.45 -0.9747 142. 25 36.71 36. 49 22.99 37.37 36.60 23-RB
26 -0.15 0.06 0.42 -0.9040 136. 26 36*57 24.98 22.4S 37.21 34.99 22.95
27 -0.1 3 0.03 0.42 -0.8592 132. 27 36.69 34. 56 22.49 36*9S 34.43 22.89
28 -0.16 -0*01 0. 40 -0.8466 127. 28 37. P 5 34. 16 22. 10 36.63 34. 1 1 22.09
29 -0.18 -0.02 0.37 -0.8242 121- 29 35.96 31.90 22.28 35*92 31.90 22.9730 -0.22 0.06 0.39 -0.8202 116.. 30 36. 44 35. 39 22.23 36.40 35.84 23.05
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES TRUE OP NOMINAL PARAMETERS
ITERATION T TCO CA T TCO CA ITERATION CRTFC E CRTFC E
0 0.00 C.CO 0-00 2.00 2.00 2.00 0 3.7 see 40000. 0.7635 46934.
1 0.84 0-23 1.92 1.29 0.52 1.99 I 3.1355 45374. 0.763S 469 24.
2 2.02 0-56 1.73 1.14 0.75 1.57 2 * 1.4354 459 63. 0.7635 46934.
3 1-03 0*53 1.70 1.05 0.69 1.35 3 1.3232 46304. P. 7635 46924.
4 0.89 0.55 1.75 0.91 0.72 1.21 4’ 1.5042 46547. C.7635 46924.
5 0.73 0.54 1.73 0.81 0.63 1.10 5 1.3327 46527. 0.7635 469 34.
6 0.67 0.47, 1.61 0*76 0.60 1.03 6 1.0 552 46453. 2*7635 469 34.
7 0. 52 0.46 1.48 0.73 0.57 0.97 7 0.9 648 46475. 0.7635 469 24.
8 0- 50 C. 31 1.42 0.72 0.56 0.93 • 8 0.8390 46490. C.7635 469 3 4.
9 0. 5P 0.36 1.36 0.71 0* 54 0.90 9 .0.4 661 46393. 0.7625 469 24.
10 C.46 0.38 1.30 0.72 0.53 0.88 10 0.2162 46470. C.7635 46924.11 0-47 0.31 1.23 0,72 0. S-3 0.86 11 0.7 527 46St 5. C.7635 46924.
12 0- 51 0.23 1.12 0.73 0.52 0.84 12 0.5072 46618. P.7635 46934.
13 0-44 0.26 1.07 0.72 0.52 0.83 13 0.5627 46662. 0.7635 46934,
*1 4 0-46 0.36 1.00 0,73 0.51 0.82 14 0.6627 46651. 0.7625 469 24.IS 0-48 0.21 0.96 0.73 0.51 0.81 15 1.0159 46671. 0.7635 469 34.
1 6 0* 44 0.39 0.89 0,73 0.51 0.80 16 0.8 429 46725. C.7625 4 69 24.17 0.55 0.20 0.86 0.73 0.51 0.79 17 1.2437 467C6. C.7635 46934.
18 0.56 0.23 0.84 0.73 0.51 0.79 16 0.6972 46666. 0.7635 4 69 3 4 .
19 0. 56 0.19 0.81 0.73 0.51 0.78 19 0.6008 46701. 0.7635 46934.
20 0.49 0.21 0.78 0.74 0.51 0.78 20 0.9609 46729. 0.7635 469 34.
21 0. 49 C.21 0*76 0.74 0.51 0.77 21 0.9 570 46736. C.7635 469 34.0.52 0.18 0.72 0.73 0.51 0.77 22 0.5826 468 1 W 0.7635 46934.
23 0.48 0.26 0.71 0.73 0.51 0.76 23 0.6294 46331 . 0.7635 469 34.
24 C..50 0.17 0.6B 0,73 0.51 0.76 24 0.6052 468 53. C.7625 469,24.2 5 0.53 0.17 0.66 0.73 0.51 0.76 25 0.4955 46819. C.7635 46524.
26 0.46 0.19 0.65 0.73 0.51 0.75 26 0 * 4 68 1 46787. * C.7635 46924.
27 0.42 0.17 0.63 0.72 0.51 0.75 27 • 0. 578 5 46791. 0.7635 46934.
28 0.41 0.19 0.64 0.73 0.51 0.75 28 1.0026 46775. C.7635 46934.
29 0.49 0.22 0.62 0.73 O.SI 0.75 29 0.0897 46777. 0.7635 469 34.
32 0.50 0.23 0.63 0.72 0.51 0.74 30 0.8435 46765. C.7635 469 34.
RMS estimation error AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATION
ITERATION CRTFC E CRTFC E ITERATION T TCO CA CRTFC E
0 2.9365 69 34. 3.0000 7071. 0 2.00 2.00 2.00 3.CCS0 7071.
1 2.9728 1712. 2.9782 669. 1 1.29 e. 52 1-99 2.9782 669.
2 2.5487 1254. 2.6480 449. 2 1* 30 1.00 1. 58 2.2440' 446.
3 2. 39 59 99 5. 2.3396 356. 3 1.1 1 0. 55 1.37 2.0C59 352.
4 2.3911 830. 2.1271 305. 4 1.02 0.49 1.22 1.8333 30P.5 2-3501 70S • 2.0170 271* . 5 0.93 0. 49 1.12 1.7253 267.
6 2.3153 607. 1.9486 243. 6 0.68 0.65 1.03 1.677 3 244.
7 2*3 367 527. I .9102 230. * 7 0.75 0.53 0.96 1.64G4 227.
8 2.3323 477. 1.8774 216. 8 0.70 0.51 0.92 I .6203 214.
9 2-321 1 437. 1.8564 205. 9 0.7 I 0.49 0,89 1.59e9 22 4.
10 2.2633 399. 1.6341 195. to 0.77 0. 52 0.07 1.5489 195.
11 2.2053 368. 1.8107 167. 1 1 0.68 0. 53 0.85 1.5243 187.12 2-1629 335. I .7065 160. 12 0.76 0. 53 P.84 1 .47 56 180.
13 2-C 7 54 314. 1.7645 174. 13 0.69 C. 52 0.83 1. AS32 174.
14 2-0207 291. I .7425 I 69. 14 0.70 0.50 3.02 1.4323 168.
15 1.9296 275. 1.7200 164. 15 0.73 0. 50 0.61 1.40 39 163.
16 1.8769 257. 1.6966 159. 16 0.76 0.49 O.Cfl 1.363 5 159.
17 1*6431 242. 1.6723 *5S. 17 0.70 0. 50 0.80 1.3537 155.
18 1-0267 229. 1.6492 151. 18 0.77 C. 52 0.79 1.311? 151,
19 1-7231 219. 1.6237 148. 19 0.70 E.S1 0.78 1.2943 143.
20 1-6605 209. 1.5982 145- 20 0.73 . O. 50 0.78 I .2713 145.
21 t-61 SI 199. 1, 57 38 142. 21 0,72 0.49 0.77 1.2524 142.
22 1.5733 192. 1.5504 139. 22 0.7 2 0,49 0.77 1.2355 139.
23 1-5098 IBS. 1.52S2 137. 23 0.65 0. 52 0.76 1.2279 137.
24 1.4BC2 175. I .5059 134. 24 0.67 0. 51 C.76 1.2197 134.
25. 1-4272 169. 1.4831 1 32. CS A. 61 C. 49 C.7S 1.2161 132.26 1. 369 3 1 65. 1.4621 130. 26 0.67 fl. 50 C.75 I .2078 »?9.
27 1.309 3 160. 1.4423 1 28. 27 0.69 C. 50 0-75 I . 1954 127.
28 1-2962 156. 1.4223 126. 2ft 0.7 1 P. 49 0.7 4 1.174K 125*
29 1. 3132 1 50. 1 ♦ 4013 124. 29 0.76 P.51 P. 7 4 1 .1447 IT4.
30 t-2937 147- 1.3810 122. 30 0.7 1 0.50 0.74 1.1273 122.
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MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS;
T A B L E  A *  4 2 RESULTS FROM TYPICAL RUN
3D
CRTFC/E 
EKF 
PP + LC 
SIMULATION
B 9 1C
-I I 1-1 -1
3 STATE! S) 2 PARAMETER! S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE
ELEMENTS WEIGHT
1 D«1000OE 01
2 0.00000E 003 0.10000 E 01
CONTROL 
WEI GHT • O0O0CE 00
I CONTROL!S)
3.35
PROCESS MEASUREMENT 
NOISE NOISE
0.2SPP0E 00 0.40OC0E 01 
O.250PPE 0C 0.4PC(,PE 01 O.2SOO0E OO 0.4P0P0E PI 
0.0P00CE 00 
0.P-eO00E 00
DESIRED CONCENTRATION® 22.50 GM0L/M3
AVERAGE RESULTS OF 100 RUNS 
SUBOPTIMAL CONTROLLER PEnFOPMANCE INDEX* P.8M75E 03
30
0.00 
-0.26 
0.60 
0.62 
0.53 
0.25 
0.08 0.C5 
-0. 19 
-0.12 
-0.29 
-0.2 S 
-0.30 
-0.20 
-0.24 -0,20 
-0.26 
-0.83 
-0.30 
-0,27 
-0.33 
-0.26 
-0.31 -0.2 6 
-0.34 
-0,24 
-0.25 
-O. 19 
-0,27 -0,24 
-0.32
TCO 0.00 
0. 19 
0.3B 
-0.22 
0.04 
-0.02 0.23 
-0.01 
0.17 
0.04 
e. 19 
O.03 
0.14 
-0,03 
0.16 -O.OO 
0. 16 
-e.03 
0.16 
-0.02 
0.12 
-0.05 0. 1 5 -O.0B 
0. 1 3 
-0.07 
0. I 5 
-0.06 
0. 10 -0.10 
0. 16
AVERAGE BIAS CA CRTFC 
0.00 -2.9865 
0.13 -2.9599 
0.81 -2.1334
1.24 -1.7954 
1.39 -2.0534 
1.41 -2.C3B7 
1.36 -2.11P9
1.25 -2.1537 
1.23 -2. 1759 
1.17 -2.1392 
1.09 -2 .I 148 
1.04 -2.0605 
0.92 -1.9969 0.87 -1.9257 
0.80 -1.8753 0.75 -1.8125 
0.70 -1.7594 
0.66 - 1.7157 
0.62 -1,6747 0.62 -1.6223 
0.59 -1.579 4 
0.55 -1.5373 0.53 -I.5025 0.52 -1.46S0 
0*47 -1.4471 
0.47 -1.3966 
0.45 -1.3419 
0.44 -1.2983 
0.42 -1.2820 0.39 -1.2621 
0.42 -1,2524
69 34. 
1609. 
1177. 
935. 
788. 
662. 571. 
49 6. 
45t, 
409. 
378. 
341. 
306. 
28 5, 
263. 246. 
230. 
216. 
201* 
192. 
182. 
170. 
162. 
155. 
145. 
140. 
134. 
129. 
124. 1 18. 
115.
RMS ESTIMATION ERROR 
ITERATION T TCO CA0 0.00 0.00 0.00
I 0.B4 0.231. IE 
I. IS 
1.12 
0.37 
C.B6 
0.76 
0. 62 
0.63 0.S9 
0.64 0.58 
O. 58 0.52 
0.60 0.49 
0.63 C. 63 
0.64 0. 54 
0.61 0.56 
0.58 0.54 
0.63 O. 51 
0.55 0.47 
P.60
0. 55
2.9865 
2.972B 
2.4734 
2. 3316 
2.4910 
2.5234 2. 4800 
2.5OO0 
2.508) 
2*4743. 2.4632' 
2. 4358 
2.3414 
2. 27 40 
2.228) 
2. I 554 
2.1012 2. 0667 
2.0364 
1.9673 
1.9 180 
1*8860 
1.8424 
1.798 I 
1.7719 
I •7206 1.6717 
1.6190 
1.te47 
1.5964 
U 5399
1.92 1.74 
1*70 
1.73 
1.70 
1.59 
1.46 1.40 
1.36 
1.31 
1.24 
1.13 1.08 1.16 1.01 
0.85 0.97
AVERAGE FILTER STANDARD DEVIATION 
T TCO CA2.00 2,00
0.63 
0.56 
1-56 0.91 
1.41 
0.65 
1*1 5 
0.73 
1*21 0.68 0.9 S 
0.77
1.13
0.831.04
0.86
0.90
0.86 0.770.99 0.73
0.79 a.72 1.05 0.69
2.00 
1.29 1.19 
1.13 0.92 
0.84 
0.78 
0. 76 
0.73 
0.72 
0.72 
0,72 0.72 
0.71 0.71 
0.71 0.71 
0.72 
0.72 
0.72 0.72 
0.72 0.72 
0.72 0.72 
0.72 0.72 
0.71 
0.7) 
0.71 
0.71
0. 52 0.83 
0,77 
0.91 
0.73 
0.72 
0.68 
0.61 
0.56 
0.53 
0.S1
1* 10 
1,02 
0.97 
0.93 . 0.89 
0.87 
0.85 0.51 0.84
0.50 0.830.50 0.82
0.50 0.810.50 0.60
0,50 0.790.50 C.79
0.50 0.780.50 0.78
0.50 0.770.50 0.77
0.76 0.760. 50 0. 50 
0.5O 0.760,50 0.75
0. 50 
0.50 
0. 50
69 34. 
1712. 
1244. 
981. 819, 
701* 60 4. 
525, 
478. 
437. 401.
37) , 337, 
31 5. 
292. 
27 5. 
257. 
242. 
228. 
218. 
208 « 
198. 
191. 
134. 
175. 
160. 164. 
1 59. 
155. 
149. 
146.
AVERAGE FILTER STANDARD DEVIATION 
CRTFC E7071*
669.
.0000 
2.9782 
2.5352 
2.0982 1.775! 
1.6360I .5433 
1.4747 
1.4351 
1.4109 
1.396! 
1-33SS 1.37 53 
1.3667 
1.3572
1.3469
1.3365 I . 3255 
1.3141 
I.3022 
I .2904 1.2789 
1 .2673 
I ,2559 
1.2442 
1.2326 1.2213 
1.2108 1.2004 
I . 1390 
1.17B2
44B. 
355. 304. 271 • 
249. 
230. 
217, 
20 5. 
196. 
188. 
181. 
175. 
170. 
16S. 
160. 
156. 
152. 
149. 
146. 
143. 
140. 
137. 
135. 
133. 130. 
128. 
126. 
124. 
123.
CONTROLS 
TCI 20.00 
SC* CO
50.00
20.00 eo.eo 
20,00 
33.14 
33.03 32*54
29.66 34.34 
30.74
35. 11 
33.92
32.50 
32.43 
35.77 
31.26 34.85
32.99
33.99 
34.02 
33,45 
35.0536. 49
34.50
33.66
33.53 
31.16 
35.3833.53
20.60
20.44
46.01
48.02 
22.91 
47.es 
23. 16 
32.65 
33*20 
32-3 5
32.73 
36.92 34.35 
34. 39
34. 54
34.2 4
33.75
35. 1 4 35. ei
35.7 I 
35.91
26.08
35.75 
36.61
35. 50
36. 1 436. I 6 
36-21 
35.96 
36.9 436.3 1 
36.56 36.71
26.7337. 12 
36.07 
36.44
33. 44 
34.26 31 .79 
25. 0334. 18 
32.96 
32.90 
35-9 532. 14
34.7 633. 39
34. C4 
34. 18
33.08 
35.33 
36. 55 34.66 
34. 24
34. Cl 
31.74
35. 12
CA
31.82 
32-46 
31. 59 
29.78 
28. 62 
26.60 
24.71
24.22
23.82 
22.87 23.27 
23.3223.77 
23*76 23.29 
£3. 15
23.45
22.95 22.70
22.78 
22-95 22.9)
*23.75
23.66
23.67
22.9622.45
22.46 
22.08 
22.26
22.22
HFASDPFMFNTS 
T TCO CA
24.03 20.60 31*62
20.66 22.23 32.5?
30.00 46.33 32.87
36.09 49.47 31.56
32.89 22.43 30.64
37.62 47.69 26.24
35.67 23.41 23.26
32. 51 31.13 24.78
33.28 33.20 24.22
30.26 33.25 20.3833.25 31.26 25.61
40.10 35.61 24.94
37.01 36.85 27.48
36.76 35.73 25.56
35.96 33.23 22.91
38.58 32.17 24.13
35.43 33.30 26. 1138*38 39.84 21.96
31.63 32.71 21.76
38.00 33.63 23.64
37.42 31.98 24.60
36*22 31.05 23.44
33.86 32,77 28.98
36.80 39.45 24.9635.26 32.88 25,69
33.17 37.48 20.29
35.16 33.71 20.04
38.43 36.17 22.69
40.70 34.30 20.2S
34.18 23.13 22.6236. 54 32.3! 21.24
TRUE STATES 
T TCO CA24.03 20.60 31.82.
•24.03 20.60 31.82
31.04' 47.10 31.14
36.33 47.91 29.32
33.16 22.00 27.87
37.67 48.1 1 26.67
34.12 ?2.I 5 25.77
34.42 33.33' 25.42
34.69 33.27 25.10
34.78 32.88 24.8534.16 30.34 24.7|
34.79 34.40 24.6034.43 31.30 24.50
35.17 35.11 24.39
35.46 34.15 24.22
35.32 32.93 24.09
35.20 32.84 24.02
35.89 35.79 23.91
35.36 31.88 23.82
35.79 34.98 23.7735.68 33.40 23,70
35.83 34.26 23.65
35.95 34.31 23.59
37.07 33.24 23.43
37.12 35.36 23.23
37.4? 36.63 23.0537.27 34.92 22.91
36.91 34.15 22.86
36.61 33.99 22.88
35.35 31.87 22.98
36.26 35.51 23.07
ITERATION CRTFC E CRTFC E0 3.7 500 40000® C.7635 46934.
t 3. 1355 45374. 0.7635 469 24.2 • 1.4354 459 63. 0.7635 46924.3 1.4539 46319. 0.7635 46924.4 1.8971 46550. 0.7635 46934*5 1. 8 407 46S29. 0.7635 46934.6 1.8 160 46448. C.7635 46924.7 1.6640 46469. C.7635 46924.8 1.5882 46483. C.7635 46924.9 1.4)25 46333. 0.7635 46934.10 1.2536 46460. 0.7635 46934.
11 1.5303 46511. 0.7635 46934.12 1.4118 46615. 0.7635 469 34.13 1.4235 4666'. 0.7635 469 34.14 1.448 3 46652. 0.7635 469 34.IS 1.6261 46674. 0.7635 46934.16 1.5033 46729. 0.7635 46934.17 1.7094 467!1. C.7635 469 34.18 1.3715 46692. C.7C35 46924.19 1.4 569 46708. C.7635 46924.20 1.5273 467 35. 0. 7635 46934*21 1.5177 467 44. 0.7625 46924.22 1.2 544 46321. 0.7635 46934.23 1.267 6 46540. 0.7635 46924124 1. 2 300 46863. C.7635 46924.25 1. 1 57 7 46829. 0.7635 46934.26 . 1.1366 46797, 0.7 625 4 69 34.27 1.2034 468 01. 0.7635 46934.26 1.4819 46782. 0.7635 469 24-29 1.3303 4678 4. e.7C3S 469 24.30 1.3574 4677 3. 0.7635 469 34.
STANDARD DEVIATION
ITERATION T TCO CA CRTFC E0 2.00 2.CO 2.00 a.coeo 7071.
1 1.29 0.52 1.99 2.9782 669.2 1.30 1.00 1.58 2.2443 446.
3 1*46 0.62 1.33 1 . 59 9 9 350.
4 0.74 1.02 1.22 1.4076 299.
5 0.9 1 0.73 1.11 1.2762 266.
6 0-7O 0.78 1.02 1 .2063 244.
7 0.70 0. 50 0.96 1.2C06 227.
8 0.69 0,49 t!.?2 1. 19 53 214.
9 0.69 0.49 e.39 1 . 1891 204.10 C.72 0*5C 0.86 1 . 1721 195.
11 0.69 0. 50 0.8 5 1.1636 187.
12 0.72 0.50 C.33 1. 143 4 161.
1 3 0.69 0.49 C *33 1.1403 175.
14 0.69 0.49 0.82 1.1327 169.
1 S 0.7 I 0.49 0.8! 1.12(1 164.16 0.72 0.49 0*50 1.1070 160.
17 0.69 0* 49 0*79 1.0992 156.18 0.73 0. 50 0.79 1. OB 31 152.
19 0.70 C.49 0.73 1. 0742 148.
20 0.71 0.49 0.77 1.0633 1 4 S.
2) 0.7 1 0. 49 0,77 1.0539 142.22 0.70 0. 49 0.77 1.0451 140.
23 0. 67 0.50 0.76 1.0410 137.24 0.67 0.49 0.76 I •0336 134.
£5 0.67 0.49 0.76 1.0 369 132.
26 0.68 0.4’» 0.7 S I.v? 3 29 1 30.
27 0.69 0,49 0*7 5 I .C2M 127.
20 0*7 0 0. 49 U.7 4 1.0)69 1V6.
29 0.74 0. 5G 0.74 0.9991 124.
30 0.7 1 0.49 0.74 0.9391 - 122.
3 1 5
MO DEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
ELFlIfTJT I 2
RUN CODE -I 1
TABLE A©43 RESULTS FROM TYPICAL RUN
3D
CRTFC/ E 
EKF
PP+GLC
SIMULATION
3 STATE! S>
AVERAGE ACTUAL TIMES
I -I -I 2 6 -1
2 PARAMETER! S)
9 IP 11 12 13 14 15 16
1 CONTROL!$>
STATE WEIGHT 
0.1O0O0E Ol0»00000E 00 
0.100O0E 01
PROCESS MEASUREMENT NOISE NOISE
c,2?recE no o.4PrrpE 01 0.25PC0E pn P.4000CE 01 
C.2SPCCE 00 P.4C00PE 01 
o.poocoe co
0.0000OE 00
DESIRED CONCENTRATION® 22.50 GM0L/H3
AVERAGE RESULTS OF 100 RUNS 
SURQPTIMAL CONTROLLER PERFORMANCE INDEX* 0.8746PE 03
0.00 
-0.26 
0.60 0.62 
0. S3 
0.25 
0.00 
0.03 -0.22 
-0.17 
-0.31 
-0.26 -0.30 
-0.19 
-0.23 
-0. 19 
-0.2 5 
-0.22 
-0.29 
-0.26 -0.32 
-0.26 -0. 30 
-0.26 
-0.33 
-0.24 
-0.2S 
-0.19 -0.27 
-0.24 
-0.32
TCO 
0.00 
0. 19 
0.38 
-0.22 
0.04 
-0.02 
0.2 3 
-0.01 0. 18 
0.03 0.22 
0.03 0. 12 
-0.C2 
0.15 
-0.00 
0. 1 5 
-P .03 
0. 16 
-0.02 
0. 11 
-0.04 0. 1 5 
-0.C0 0.1 3 
-0.07 
0. IS 
-0.06 0. 10 
-0. 10 
0.16
AVERAGE DIAS 
CA CRTFC 
0.00 -2.9865 
0.13 -2.9599 
0.81 -2.1334
1.24 -1.7954 
1.39 -2.0534 
1.41 -2.P8B7 
1.36 -2.1061
1.25 -2.1467 
1.24 -2.1433 
1.18 -2.1114 
t . 10 -2.0691 
1.05 -2.0122 
0.92 -1.9476 
0.87 -1.6361 
0.80 -1.8387 
P.75 -1.7785 
0.70 -1.7259 
0.66 -1.6867 
0.61 -1.6514 
0.62 -1.6040 
0.59 -1.5612 
0.54 -1.5221 0.52 -1.4S91 
0.52 -1.4525 
0.47 -1.4373 
0.47 -1.3B85 
0.45 -1.3354 
0.44 -1.2956 0.42 ~1.2B01 
0.39 -1.2617 
0.42 -1.2529
69 34. 
1609. 
1177. 
935. 
750. 
662. 
571. 
496. 
451. 
409. 
370. 
341. 
306. 
£84. 
262. 
245. 
229. 
215. 
200. 
192. IB 1 • 
169. 161. 
154. 144.
139.
133.
129.124.
117.114.
CONTROL 5 
TCI 
2P.CC
sc.ce
50.CC 2C. ee
50.0020.00 
31.22
33.24
32.25 29.60 
34.66
29.91
35. 51
33.42 
22.44' 32.34
36. CO 30.64 
35.54
32.43
34.04
33.92 
33.62
34.41 
36.73
34.44 
33.78
33.42
31.04 
35.89
33.26
24.C3 
20.66
32.00 36.0?
32.89
37.62
35. 67 
32.06
33.00
29.90 
33.04 
40.ee
36.76 
36.67
35.77 
38.42 
35.30 38. 33 
31.46 
33»03 
37.32
36. 16
33.79
36.79 
35. 10 
33- 11 
35. 10 
36.41 
40. 67 
34. 12
36.62
NFASUnniENTS 
TCO 
20. 6P 
22.23 
46. 33 49.47
22.43 
47.69 
23.41
29.44 
33.34 
32.96 
31.17 
35.87
36.1 1 
36.05 
32.7832.09
33.21 40.0 3 
32.15
34.22 
31 .49
31.09 
32.68 
39. 59 
32.32 
37.67 
33. 65 
36.27 
34.20
28.02 
32.75
CA
31.82 
3P.57 
32. B7 
31. 56 
30. 64
26.24 
23*26
24.82 
24.32 
20.42
25.73
25.05 
27.60 
25.67
23.01
24.24 
26.2122.05 
21.84 
23.71 
24.65 
23. 50 
29.03
25.01 
25-73 
20.34 
20.08
22.73 
20.28 
22. 65 
21.26
ITERATION 7 TCO CA T TCO CA0 24.► 03 2E.► 60 31,► 82 . 24..03 20..00 31 *821 22..36 26<► 44 32.► 46 24..03 20.► 60 31.822 291.97 46.► Cl 31..59 31.,04 47,.10 31.147 35..27 43.► 02 29..78 36,. 33 47..91 29.324 32.► 7 3 22.► 91 26.► 62 33, 16 22..00 27.8736. 92 47..05 26..60 37. 67 43,.11 26. 676 34..35 23.► 16 24.,71 34.- 12 22.-1? 25.777 33.* 98 31.> C3 24,.26 33.,97 31..64 25.468 34. 27 33. 26 23..91 34., 41 33-.41 25.209 33..97 32.► 59 22..98 34., 50 32..59 24.961C 33.► 53 3Z. 35 23,,40 33.,94 30.► 25 24.83u 35. C4 34..51 23. 44 34. 70 34..66 24.7112 34..74 31. 10 23.,69 34., 18 30,. 56 24.6113 35. 60 35.► 29 23..88 35, 07 35.,44 24* 50U 35. 72 33..76 23,.41 35..27 33..69 24.331 5 35. 91 32. 87 23. 27 35. 17 32..3 5 24. 1916 35. 59 32. SI 23.. 56 35,,07 32..75 24ft 1217 36. 55 36.> 12 23. C4 35, 85 35.■ 97 24.00
16 35. 31 31. 63 22.,79 35. 19 31,,32 23.9119 36. 14 35. 29 22.,86 35. 82 35., 57 23.8423 36. 03 22..95 23..01 35., 58 32.,91 23.7621 36. 12 34. C 5 22..96 35. 76 34,,30 23.7022 35. 78 34,► 1 c 23.,80 35. 86 34. 22 23. 6423 36. 92 33,,20 23.,71 37, C6 39. 33 23.4824 36. 66 34.,80 23.,72 36. 96 34.,83 23.2825 36. 79 36- 70 23. 02 37. 41 - 36.,82 23. 1026 36. 64 34.,32 22. SC 37. 21 34. 3 6 22.9627 26. 75 34, 34 22..50 36. 90 34. 25 22.9023 27. 07 23.,92 22. 12 36. 53 33. 89 22.9129 35. 99 31. 64 22. 30 * 35, 79 31. 76 23ft0133 36. 50 3S. 53 22.,24 36. 34 35.96 23.09
RMS ESTIMATION ERROR
C.00
0.641. 18 
1. 1 5 1.12 
0.67 
C.86 
0.77 
0.70 
0.76 0.61 
0.65 
0.59 
P.58 
0.52 0.60 
0.48 0.63 
0.59 
0.63 
0.53 
0.60 
0.56 
0.53 
0.54 
0.63 
0.50 
0. 54 
C. 47 0.60 
0. 55
0.00 0.00 
0.23 1.92
0.63 1.74
0.56 1.70
1.56 1.73
0.91 1.70
1,40 1.59
0.85 I * 46
1.15 1.41
0.80 1.36
1.23 1.32
0.69 1.25
0.98 1.13
0.79 1.09
1.16 1.01 
0.85 0.97
1.13 0.890.83 0.86
1.04 0.85
0.86 fl.82
0.88 0.79
0.86 0.76
0.99 0.73
0.80 0.72
1 .OS 0.69
0.39
1.02
1.05
1.06
0.66
0.64
1. 19 
1.13 
0.92 
0.84 
0.78 
0.76 
0.74 
0.74 
0.72 
0.72 
0.72 
0.71 
0.71 
0.71 
0.71 0.71 
0.72 
0.72 
0.72 
0.72 
0.72 
0.72 
0.72 
0.72 
0.71 
0.71 
0.71 0.71 
0.71
2.00 2.00 
0.52 1.99
0.83 1.S7
0.77 1.35
0.91 U20
0.73 I . 10 
0.72 1.02
0.68 0.97
0.62 0.93
0.58 0.90
0.54 0.87
0.5I 0.83
0.50 0.82
0.80 0. 79 
0. 79 
0.78
0.S0 
0.50 
0. SO
0.50 0.770.50 0.76
0.50 0.76
0.50 0.76
0.50 0.75
0.50 0.75
0.50 0.75
RMS estimation ERROR AVERAGE FILTER STANDARDITERATION CRTFC E CRTFC E
0 2.986S 69 34, 3.0000 7071.
1 2.9728 . 1712. 2.9782 669.
2 2.4734 1244. 2.5352 448.
3 2. 3816 931. 2.0982 355.
4 2.4910 819. 1,7751 304.
5 2.5234 7P1. 1.6360 271.
6 2.4773 604. 1.5430 249.
7 2.49 60 52 5. 1.4717 230.
6 2.4793 470. 1.4261 217.
9 2.4447 437. 1. 39 36 205.
10 2.4102 401. 1 .3742 196.
1 1 2.3516 370. 1.3593 188.
12 2.2919 336. 1.3478 181.
13 2.2328 314. 1.3383 175.
14 2.1901 291. 1.3268 170.
15 2.1211 274. 1.3187 165.
16 2.C699 256. 1.3086 160.
1 7 2.0397 24) • 1.2978 156.
18 2.0127 227. 1.2870 152.
19 1.9 472 218. 1.2752 149.
20 1.8996 207. 1.2633 146.
21 1.8703 198. 1.2522 143.
22 U828C 191. 1.2410 140.
23 1 .7862 184, 1.2300 137.24 1,7604 174, 1.2189 135.
25 1.7116 168. 1.2077 132.
26 1.6!43 163. 1. 19 69 130.
27 1.6151 1 58. 1. 1B 69 1 28 •
20 . 1.6013 155. 1 . 1769 126.
29 1,5929 149. 1.166! 124.
30 1. 58 S4 14 5. 1. 1558 123.
PARAMETER ITERATION CRTFC
0 3.7 SCO
1 3.1355
2 1.4354
3 1.4 539
4’ 1.8971
5 1.6 407
6 1.6.1607 1.6459
8 1.5609
9 1.3726
10 1.2127
11 1.4686
12 1.3171
* 13 1.3345
14 1.3661
15 1-5443
16 1.4253
17 1.6378
is i.ee9419 1.3562
20 1.442721 1.4276
22 1.1697
23 1.1892
24 1. 1 62 5
25 1.0967
26 1.0799
27 1.1463
28 * 1.4224
29 1.3245
30 1.2906
2.00 1.29 
1. 30 
1.46 
0.74 
0.91 
0.70 
0.7 I 
0.70 
0.70 
0.7 3 
0.68 
0.72 
E. 68 
0.69 
0.71 0.72 
0.69 
0.73 
0. 69 
0.71 
0.70 
0.70 
0.66 
0.67 
C. 67 
0.67 
0, 69 
0.70 
0.74 
0.70
ESTIMATESE
40000% 
4537 4.
4 59 6 3 • '
46319-
46550.
46S29•
46448-46469.
46484*
46384.
46461.
46512ft
46616.
46662.
46653.
46675ft
46730.
46712.
46692.46708.
46736.46744*
4682U
46840.
468 60 •
46830.
46797.
46801.
46702.
4678 5.
467 7 3.
TCO 
2.00 0.52 
1 .DO 
C» 62 
1.02 
0.73 
0.78
0,53
0.49
0.490.49
TRUE OR NOMINA! CPTFC 
0.7635 
C.7635 
C.7635 
0.7635 
0.7635 
0.7625 
C.7635 0.7635 
0.7635 
0.7625 
0.7635 
0.7635 
0.7635 
C-7625 
C.7635 
C.7635 
0.7635 
0.7635
PARAMETERS
2.00 1.99 
1.58 
I .38 
1 .22 
1.1 1 
1. 02 
P.96 
D.92 
0.89 
0.86 
0.85 
0.04 
0.83 
0.82 
0,31 
0.80
3.COCO 2.9732 
2.2440 
I .5999 
1.4076 
1.2762 
1•2063 
I . 1983 
I. 1921 
1.1843 
I . 1671 
I. 1 592 
1.1418 
I . 1338 
1.1257 
1.1162 I. IK02 I•P9 32 
1.P75E 
UCC73 
1 .0553 
1 .C465 
1.0373 
I .0343 
I .0102 
I . U 28 4 
1.0244 
I . E131 
I.eC39 
0.991P 
0.98 I 7
0.7625C.7635
0.7635
C.7635
0.7635
0.7635
0.763S
0.7625
C.7635
0.7635
0.7635
7071. 669. 
446. 
350. 
299. 
2 66. 
244. 
£27. 
214. 
20 4 • 
195. 
1B 7* 
131. 
175. 
169. 
164. 1 60. 
155. 
1 52. 
148.
137.
134.122.
129.
469 34. 
469 34. 
46934. 
46934. 
.46934. 
46934- 
46934. 469 34. 
469 3 4. 
469 34. 
469 34. 
469 34. 
46934. 46934. 
46934. 
469 34. 
46934- 
46934- 
469 34. 469 34. 
46924. 46934. 
46934. 
46934. 
46924. 
4 6>3 ft• 
46934. 
469 34.' 
46934. 
46934. 
46934.
316
TABLE A . 44
MO DEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
RESULTS FROM TYPICAL RUN
2D
CRTFC/E
EME
GLC
SIMULATION
ELEMENT 
RUN CODE
2 STATE!S>
I -1 -I I 3-1
2 PARAMETER!S> I CONTROL!S>
AVERAGE ACTUAL TIMES
diagonal State
ELEMENTS WEIGHT
t 0.1O0OOE 01e o.iooooE oi
PROCESS "MEASUREMENT** NOISE NOISE
0.ODPOOE 00 0.25P08E 00 
O.OOOOOE 00 0.250C2E 00
DESIRED CONCENTRATION- 22.50 GH0L/H3
AVERAGE RESULTS OF 100 RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX- 0.U977E 04
30
0.000.00
0*00
0.00
0.00
0.00
0.00
0.00
0.000.00
0.00
0.000.00
0.00
0.000.00
0.000.00
0.00
0.00
0.000.00
0.00
0.000.00
0.00
0.00
0.00
0.00
0.00
0.00
AVERAGE PIAS 
CA CPTFC 
0.00 -2.9665 
0.00 -3.1727 0.00 ~|» 0£<I3 
0.00 -P .5915 
C.CO -0.6034 
0.00 -0 .SI IB 
0.00 -0.4465 
0.00 -0.4067 
0.00 -0.3512 0.00 -0.27P2 
0.00 -0.2226 
0.CO. -0.1879 0.00 -O.1570 
0.00 -P .1397 
e-00 - 0 .1330 o.o0 -r.iiS2 
0.00 -0.1041 
0.00 -0.0880 0.00 -c.0673 
0.00 -0.0553 
0.00 -0.0445 0.C0 -0.0432 
O.CO -0.0462 
0.00 -0.0199 0.00 -0.0132 
O.eO -0.0178 
0.00 -0.0231 
0.00 -0.0183 
0*00 -0.0153 
0.00 -0.0069 
0.00 0.0116
6934. 
1601. 
1300. 
1073. 
929. 
823. 
752. 
69 2. 
646. 610. 
583. 
553. 
530. 
510. 
4S9 . 471. 
453. 
437. 
426. 
412. 
4eo. 
389. 
379. 
370. 
359. 
349. 
342. 
334. 
326. 
318. 
31U
RMS ESTIMATION 
ITERATION CRTFC
0 2.9865
1 3.3728
2 1.9176
3 1.6833
4 1.4091
5 1.2289
6 1.1424
7 1.0778
3 1.0162
9 0.8884
10 0.8749
11 0.8319
12 0.7B2813 0.7 590
14 0.7523
15 0.7500
16 0.7162
17 0.6934
18 0.6805
19 0.678620 0.672621 0.6643
22 0.6463
23 0.6208
24 0.6044
25 0.5978
26 0.593427 0.5887
28 0.5811
29 0.5802
30 0.5770
69 34. 
1607. 
1307. 
1083. 
941. 
840. 
764. 
704. 
656. 
620. 
592. 
562. 
539, 518. 
<98. 
479. 
461. 
446. 
434. 
420. 408. 
397. 
388. 
378. 
367. 
357. 
349. 341. 
332. 
324. 
317.
AVERAGE FILTER STANDARD DEVIATION 
CRTFC E
7071.
155.
3.0000 
2.6687 
1.4404 
1.1741 
1.0032 
0.9360 
0.9018 0.8741 
0.8477 
0.6188 
0.7966 
0.7691 0.7490 
0.7329 0.7157 
0.7007 
0.6870 
0.6747 
0.6639 
0.6506 0.64!5 
0.6329 
0.6237 
0.6138 
0.6064 
0 . 59 7 5 
0.5900 0. 5793 
0.57e9 
0.5633 
0.5576
134. 
120. 
1 10. 
103.
CONTROLS MEASUREMENTSITERATION TCI T TCO CA0 20.00 24.03 31.fl?1 50. ^ 0 23.07 32.112 2D.ee 30.74 31.533 40.50 28.62 31-004 32.36 32. 12 30.245 29.04 33.45 25.806 34, 00 33.06 28.507 31.71 33*82 27.32
6 33.04 33.85 26.86 ‘9 30.18 34.51 25.6110 33.56 33. 43 24.6311 31.64 33.99 24.1612 32.18 33.93 24.0413 36.39 32.88 24. 1514 35.32 33.26 23.94
15 31.62 34.53 24.3416 28.13 35.64 24. 5217 33-40 34.50 24-8818 28.68 36. 13 25*4319 32.50 3S.I6 24.9920 31.72 35.42 24.6821 34.07 34.78 24. It22 29.76 35.90 23.7723 33.39 35.00 23.6824 33.43 35.22 24.2525 32.16 35.07 25.0226 34.16 35.06 23.5527 32.09 35.54 23.0928 * 31.32 35.7! 22.8129 33.75 35. 19 23.3430 35.00 34.97 23.67
PARAMETER ESTIMATES TRUE OR NOMINAL PARAMETE
iteration CRTFC E CRTFC E
0 3.7 500 40000. 0.7635 469 3 4.1 1.5703 45437. 0.7635 469 34-
2 0 . 8 9 59 4 57 51. C.763S 4 69 34. .3 0.5255 46000. 0.7635 '46934.4 0.7487 46146. 0.7635 46934.S 0.7378 46221. 0.7635 46934.6 0.663S 46328. 0.7635 469 34.7 0.6626 46364. 0.7635 46934.8 0.6567 46413. 0.7635 46934.9 0.6653 46415. 0.7635 46934.to 0.5731 46415. 0.7635 469 34-11 0.5709 46419. 0.7635 46934.
*12 0.5575 46430. 0.7635 46934-13 0.4617 -46447. 0.7635 469 34.
14 0.5080 46452. 0.7635 46934.15 0.5843 46473. 0.7635 469 34.
16 0.7067 46492. 0.7635 469 34.17 0.7056 46520. 0.7635 46934-18 0.7550 46553. 0.7635 469 34.
19 0.8004 46567. 0.7635 469 34-20 0.6205 46S78 * 0.7635 46934.21. 0.7846 - 46580. 0.7635 46934.
22 0.8037 46582. 0.7635 4G934.23 0.8005 46589. P.7635 46934.24 0.7902 <6607. 0.7635 469 34-25 0.0195 46634* 0.7635 46934.
26 0.7783 46619. 0.7635 46934;27 0.7818 46615. C.7635 46934-28 0.8211 46613. 0.7635 469 34.29 0.8124 46624. (1.7635 46934.
30 0.7925 46634. 0.7635 46934-
STANDARD DEVIATION
ITERATION. T tco ca CRTFC • E
* 0 3.00OO 707I-
1 2.6687 155.
2 • 0. 5973 133.3 0.5311 119.
4 0.4721 110.
S 0.4721 103.
6. 0.4643 9 7.
7 0.4642 9 3.
8 0.4620 90.9 0.4615 87.10 0.4544 05.1 I 0.4543 83.
12 0.4518 81.
13 0.4503 80.
14 0.4471 73.15 0.4462 77.
16 0.4429 76.
17 0.4265 74.18 0. 42 59 73*
19 0. 4119 72.
20 0. 4100 71.
21 0.4066 70.22 0.4063 69.
23 0.3981 68.24 0.3973 67.
25 0.3964 66.
26 0.3934 65.
27 0.3931 64.
28 0.3904 64.
29 0. 3865 63.
30 0.3860 62.
3 1 7
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
T A B L E  A * 4 5
2D
CRTFC/E
EME
PP+LC
SIMULATION
3 4 5 6 7 8 9 
1 - 1 - 1  1 3-1 3
2 STATE!S) 2 PARAMETER! S> 1 CONTROL!S)
AVERAGE ACTUAL TIMES e.09 2*49
DIAGONAL STATE CONTROL PROCESS "MEASUREMENT"
ELEMENTS WEIGHT WEIGHT NOISE NOISE
1 C.ieOCGE 01 0.00000E 00 3.O00O0E 00 0.25O03E 00
2 0.1EEO0E 01 0.00000E 00 0. 25000E 00
DESIRED CONCENTRATION® 20.50 GM0L/M3
AVERAGE RESULTS OF IOC RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX® 0.10I05E 04
AVERAGE DIAS CA CRTFC C.00 -2.9865 
0.00 -3.1727 
O.CO -0,e63i 
O.CO 0.3932 0.00 -0.O532 O.CO 0.0111 0.00 -0.0252 
0.00 -0.0291o.co e,ec70
0.00 0.0123
0.C3 0.0321C.CG 0.C470 
O.CO 0.0362 O.CO 0-0349 
0.00 0.0353
O.CO 0.0307 
0.03 0.0292
0.00 0.C3Q9
3.CO C.0306
30
C. 00 
O.CO e.cc 
c.cc o.co 
o.co c.ce 
0.00
c.ce
c.ccc.ce
o.coc.cc
3.CC0.00
0.00o.cc
0.00
0.00
O.CCe.coc.eo
0.00
C.00c.ce
o.coc.cc
•0.00
0,00
0.00
c.cc
3.00
0.0252 
C. 2*273 0.03!I 
0.029B 
0.0333 
0.0322 
0.0334 
e.0298 0.B3C6 
0.0320 0.0320 
0.3364
6934. 
1601. 
1269. 
1056. 
9e4. 
804, 733. 
675. 
632. 
598. 
573. 
544, 
523. 564. 
43 5. 
467. 
450. 
435. 
424. 4! 1. 
399. 
383. 
379. 369. 
358. 
349. 
341. 334. 
325. 317. 
310.
RMS ESTIMATION ERROR 
ITERATION CRTFC E0 2.9065 6934.
1 3.3720 1607.
2 0.9594 1296.
3 0.7577 1064.
4 0.4477 915.
5 0.3840 815.
6 3.3357 743.
7 0.3151 686.
8 0.2890 642.
9 0.2823 608.
10 0.2 571 S82.1 1 0.255! 553.
12 0.24B1 531,
13 0.2414 SI2.
14 0.2414 493.
15 0.2376 475.
16 0.2330 458.
17 0.2300 443.
18 0.2289 432.19 0.2315 419.
20 0.2276 407.
21 0.2247 396.
22 0.2247 386,23 0.2231 377.
24 0.2195 366.25 3.2186 356.
26 0.2208 348.
27 0.2190 341.
28 0.2194 332.
29 0*2210 324.
30 0.2203 317.
AVERAGE FILTER STANDARD DEVIATION 
C^ TFC E70 71 »
155.
.PPCC
2.6637
1.06330.7253
0.4476 
C.3347 
0.3432 
0.3096 
0.2878 0.2674 
P.2537 
P.2444 
P.2369 
P.2316 
P.2274 0.2241 
C.2217 0.2192 
P. 2169 P.2154 
0.2133 
P.2120 
P.2106 
P.2P96 
0.2C-S7 0.207? 
P. 2069 
0.2P59 
0.2050 
0.2043 
0.2035
133. 119. 
I 09 .
73.
77.76.
CONTROLS
TCI
20.00
5P.0020.00
53.00
20.00 
53. CC 
20.00
50.00
20.00
32. 44
33.23 
32.03
32.41
36.44
35.45 
32.38 
29.0533.41 
20.00
40.23 
31.90
33.01
30.5133. 13 
33.9 5
33.01
33.52 
32.36 31.43 
33.92 35. 19
RESULTS FROM TYPICAL RUM
24.P3 
23.07 3P.74 
28.62 34. AP
32. 14 
37. 14 
33.42 
37.95 
34.36 33.91 
34. 22
34. 19
33. 12 
33. 44 
34.6935.94
34.94 
36. 45 
33.32 
35.93 
35.19 
36. 13 35.35
35. 41 
36.13 
35.46 
35.67 35.87 
35.34 35.12
3.75PP 
1.5703 
0.8959 C.52 55 
2.3633 C.9E4C 
C.9733 C.83S9 
e .9 122 
0.93C8 
C.9 1 67 
0.9 14? 
2.9 099 C.23C4 C.9132 
2,9110 0.9 ACC 
0.9 342 
0.9 533 
C.9 G3 I 0.9 5C3 
C.9 363. 
C.9469 
e.944l 
0.9 420 
0.9474 
C.9 349 0.9371 
0.9499 
0.9455 
0.9379
42PC0. 45437. 
457 51. 
46cee. 
45156. 46228. 
46323. 46377. 
46426. 
46426. 
46426. 
46428- 46425. 46454. 
46459. 
46478. 
46497.
4652 5. 
46SS7. 
46S70. 46530. 
46533.
4653 5. 46592. 
46611. 
46637. 
46622. 46619. 
46616. 46627. 
46637.
CA 31.32 
32. It31.53 
31.CO
29.96
29.53
27.96 
26.59 25.93-
24. 60
23.96
22.53
23.53 
23.73 
22. tr
24.0624.27
24.64
25. 19 
24.R7 
24.76 
24.P9 
23.70 
23* 53 
24*14 
24.92 
23.40 
22*94 * 
22.63 
23*22 
23.56
TRUE OR NOMINAL PARAMETERS
CRTFC
0.76350.7635
0.763S
0.7635
0.76350.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.76350.7635
0.7635
3.7635 
0.7635 
0.7635 
C.7635 
0.7635 
C.7635 0.7635 
0.763S 
0.7635 
0.7635 
0.7635 
0.7635 
H.763S 0.7635 
0.7635
3.7635 
0.7635
46934. 
46934. 
469 34. 
46934. 
46934. 46934. 
46934. 
46934. 
46934. 
46934. 
469 34. 
469 34. 
46934. 46934. 
46934. 
46934. 
46934. 
469 34* 
46934* 
469 34. 46934. 
*6934. 469 34. 
469 34. 
46934. 
46934. 
469 34f. 46934* 
469 34. 
46934. 
469 34.
STANDARD DEVIATION 
CA CRTFC E3.0000 
2.6687 
3.£973 
0.5311 
0. 3854 0.3526 
P.3208 0.2961 
0.2784 
0.2599 
0.2596 
0.2595 
0.2592 
0.2590 
0.2585 
0.2584 
0.2581 
0.2556 
0 « 2 554 
0.2434 
0.2417 
0.2410 0.2439 
0.239S 
0.2392 
0.2391 
C.2337 
0.2385 0.2380 
0.2371 
0.2370
7071. 
155. 
133. 
1 19. 
109. 
132. 
9 6. 92. 
89. 
86.
64. 
82. 
61. 
79. 
78. 77. 
76. 
74. 
73. 
72. 
71. 
69. 69. 
68. 67. 
66.
65. 
64. 64. 
63. 
62.
3 1 8
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A. 46
2D
CRTFC;E 
EME
PP+GLC
SIMULATION
ELEMENT 
RUN CODE
2 STATE! S>
-2 I I -1 3 -I 
PARAMETER! S)
10 11 12 13 14 15 16 
3 -1  4 2 2 I 1
1 CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE
ELEMENTS WEIGHT1 0.1 0000E 01
2 0 .10000E 01
PROCESS “MEASUREMENT" 
NOISE NOISE
0.00OO0E 00 0.2S200E 00 
O.O00COE 00 0.2SP00E OB
DESIRED CONCENTRATION* 22.50 GM0L/M3
AVERAGE RESULTS OF 100 PUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX* 0 .1P37I
ITERATION
0.00
0.000.GO0-00
0.00
0.00
0.00
0.000.00
0.00
O.OO
0.00
0.00
0.00
0.000.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.000.00
0.00
0.00
0.00
*CRTrc2.9865
3.2723B.9S94
B.7577
C.4477 
C. 3s 42 
0.3357 
C.3151 
0.2309 
0.2319 
C. 2564 
0.2523 
0.2443 
8.2356 
0.2279 
0.2327 
C.23S0 
0.2269 
0.2E59 
C. 2274
B.2217 0.2202 
0.2196 
0.2141 
0.2191 
e.2l 59 
3.2167 
0.2172
C.0135 
0.2202 
0.2200
AVERAGE BIAS 
CA CrTFC 
0*CO -2.9865 
O.CO -3.1727 
0.00 -6.C631 
0.00 G.3932
0.00 -0 .C532 
0.00 0.C1U
0.00 -0.0252 
B.eO -0.PC91 
O.CO 0.0072 
O.CO 0.0126 
0.PO 0.0329
0.00
0.000.00
0.000.00
0.00
0.0497 
0.8376 
C.0333 
0.03370.03(9 
C* 0299 
O.OO 0.0311 
0.00 fl.0255
O.OO 0.0266 
0.00 0.0281 
0.00 0.0303
0.00 0.0305
0,00 0*0305
0.00 0.0314
0.00 0.0287
0.0230 
0.0238 
0.0243 
0.0246 
0.0302
0.00
0.00
0.00
0.00
69 34.
I 601. 
1289. 
1056. 
904. 
804. 
733. 
67 5. 
632. 
598. 
573. 
545. 
523. 
504. 
48 5. 468. 
451. 
436. 
424. 
411. * 
4G0. 
388. 
379. 
370. 
359. 
349. 
342. 
334. 
326. 
318. 
311.
ivtwiut m u itit MnNumty utvinuvN
69 34. 
16C7. 
129 6. 
1064. 915. 
81 5- 
743. 
696. 
642. 
608. 
582. 
553. 
532. 
512. 
49 3. 
476. 
459. 
444. 
432. 
419. 
407. 
39 6. 
357. 
377. 
366. 
357. 
349. 
341. 
332. 
024. 
317.
CRTFC 3.POR0 
2.6687 
1*0633 
0.7258 
0.4476 
0.3347 
0.3432 
0.3096 
0.2877 
0.2671 
0.2532 
0.2433 
P.2360 
0.2299 
0.P254 
0.2221 
0*2195 
0.2161 
0.2132 
0.2113 
P.2094 
0.2071 
0.2051 
0.2236 
0.2027 
0.2014 0-20CI 
0. 1987 
0. 1975 
0. 1966 
0. 1958
7C71,
I 55. 133.
1 19. 109. 
102. 
9 6. 
92.*
RESULTS FROM TYPICAL RUM
COMTPOLS MEASUREMENTSTEFATION TCI T TCO CA
0 20.00 24.03 31.021 58 .03 23-07 32.lt2 2e.cs 30.74 31.503 50.00 28-62 31-02
4 20.00 34-40 29.965 58.00 32.14 28.53
6 20.00 37.14 27-96
7 58.00 33-42 26.57
0 2C.CC 37.9 5 25-93 *9 30.57 34-36 24-60
IC 33.7 1 33.46 23.9(111 31.53 34-01 23.6112 32. 15 33-93 23.63
13 36.8 5 32.B7 23.04
14 35. 13 33.36 23.7CT
15 31.41 34.56 24.IG
16 28.CC 35.61 24.3017 33.70 34.44 24.79
18 20.00 36. 16 25.36
19 52.CO 33. 11 25.1420 20.00 33. 13 24.6821 37. 33 33-93 23.90
22 29.23 36-06 23.TL23 32. 58 34-99 23.6224 33.39 35.25 24.2125 32. IS 35.85 24.99
26 34. 12 35.07 23.5227 32.20 35-54 23.67 •
28 31* 19 35-73 22.79
29 33.89 35.18 23-33
3e 34.96 35.00 23.66
parameter estihates TRUE OR NOMINAL PARAMETERS
TERAT10N CRTFC E CRTFC 5
0 3.7 500 40OC0. 0.7635 46934.1 1.5703 45437. 0.7635 4 69 34.
2 0.6 9 59 4 57 51. 0.7635 46934-
3 0.5255 46000. 0.7635 4 69 34- *
4 0.8633 46156. P.7635 46*34.
5 0.9540 46228. P.7635 46934.
6 8.9738 46338. 0.7635 46934-7 0.8859 46377. 0.7635 46934-
8 0.9122 46426. 0.7635 469 34-9 0,9308 46428. P.7635 46934-
10. 0.9049 46426. 0.7635 46974-
11 0.9046 46428. 0.7635 46934-
12 0.8993 46438. 0.7635 469 34-13 0.8698 46454. 0.7635 46934.
14 0.9100 46458. 0.7635 46934©1 5 0.9C60 46478. P.7635 46934-
. 16 0.9459 46497. 0.7635 46*34-
17 0.9392 46524. 0.7635 46934-
18 0.950S 46556. 0-7635 469 34-
19 0.9650 46570. 0.7635 46934-20 0.9154 46581. 0-7635 46934©21 0,8 550. 46504. 0.763S 46934.
22 0.8396 46585. P.7635 469 34-23 0.8378 46592. 0-7635 46934-
24 0.8367 46610. 0-7635 46*34©
25 0.0426 46637/ 0.7635 • 469 34-
26 0.8301 46622. 0-7635 46934%27 0.8313 46618. 0.7635 46934-
28 0.6 429 46616* .e.7635 46934-29 0.8 396 46627. 0.7635 46934-
30 0.8337 46637. 0-7635 469 34-
STANDARD DEVIATION
TERATION T TCO CA CRTFC E
0 3.COCO 7071©
1 2.6637 15 5.
' 2 0. 5973 133©
3 0. 5311 1 19.
4 0. 3854 109.
5 0.3526 102.
6 e.3208 9 6©
7 0.2961 92.
0.2784 0.2599 
0.2590 0*2590 
0.2506 
0-2504 
0.257T 
0.2576 
P.2570 
0.2541 
0.2540 
0.2425 
0.2326 
0.2214 0.2211 
0.2(95 0.2194 
0.2192 
0.2(87 
0.2186 
0.2162 
0.2175 
0.2174
3 1 9
MODELS 
PARAMETERS: 
ESTIMATOR: 
CON TROLL ER: 
REMARKS:
TABLE A* 47 RESULTS FROM TYPICAL RUN
3D
CRTFC/E
EME
GLC
SIMULATION
3 STATE!S) 2 PARAMETER!S)
EST I M/I
AVERAGE ACTUAL TIMES 0.1
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT V EIGHT1 C.IOCOCE 01
2 o.oeoecE co3 0.1CCGCE 01
DESIRED CONCENTRATION- 22.50 GH0L/M3
1 CONTROL!S)
PROCESS "MEASUREMENT” 
NOISE NOISEO.OOOOOE 00 0.25000E 00 
O.OOOOOE 00 0.25000E 00 0•25000 E 00
AVERAGE RESULTS OF 100 RUNS 
SUE0P7IMAL CONTROLLER PERFORMANCE INDEX- 0.I1461E 04
ITERATION
c.co
c.co
o.eo
o.eoc.co
c.co
e.oe
o.ce
c.ec
0.00
0.000.00
c.co
0.00
o.eo
0.00
o.eo
o.oa
0.000.00
0.00
0.00
0.00
0.03
0.00
o.eo
c.cc
0.00
o.eo
0.00
0.00
c.co
0.00
0.00
c.co
0.00
0.000.00
c.eo
0.03
0.000.00
0.03
0.00
0.030.00
o.eo
o.eec.co■0.00
o.eo
3.00
e.ee.
e.oo'
0.00
o.eo c.co 
0.00 o.oo
C * 00 
0.00 0.00 
0.00 0.00 
0.00 
0.00 
0.00
AVERAGE BIAS 
CA CRTFC 
0.00 -2.9865 
O.CO “2.0433 
0.00 -0.0995 
0.0039 
e.0B36 
0.1161 
0.1227 
0.1326 
0.1451 
0 .ISIS 
0. 1927 
0.2040 
0.2202 
0.2154 
0.00 0.2225
0.00 0.2317
0.03 0.2257
O.CS 0.2207 
0.00 0.2176
0.00 C.2247 
0.2303 
0.2286 
0*2202 
0.2326 
0.2279 0.2307 
0.2321 
0.2426 
0.2420 
0.2380 
0.2329
0.00o.eo
0.000.00O.CO
0.00
0.00
0.00
‘6934.
1557.1250.
1039.
906.
811.
739.
681.
639.
603.571.5*3.
519.
498.
478.
461.
44S.
430.
416.
404.
393.
381.
371.
362.
3S2.344.
336.
329.
322.
314.
309.
ESTIMATION 
CRTFC 
2.9365 
2.3670 
1.4619 
1.0002 
0.9065 
0.0854 
0.8655 
0.8669 
0.8547 
0.8542 
0.7615 
0.7 576 
0.7 571 
0.7378 
0.7325 0.7187 
0.7238 
0.7217 
0.7267 
0.7016 
0.6821 0.68 26 
0. 6800 
0.6764 
0.6703 
0.6655 
0.6649 
0.6550 
0.6522 0.6498 
0.6471
6934.1565.
1258.
1049.
916.
820.
748.
690.
647.
611.
579.
553.
527.
506.
486.469.
452.
437.
423.
412.
400.389.
379.
370.
360.
352.
344.
337.
330.322.
317.
AVERAGE FILTEP STANDARD DEVIATION CRTFC E
7071.
155.
.oeoo
2. 59 tl 
1-0258 
0.6691 
0.5753 
0.5325 
0 .SI 13 
0.4935 
0 . 43 01 
0.4679 
0.4525 
0.4373 
0.4286 
0.4190 
0.4110 0.4043 
0.3967 
0.3909 
0.3369 
0.3300 
0-3750 0*3700 
0.3659 
0.3623 
0.3576 
0.3523 
0.3486 
0.3453 
0.3420 0.337 5 
0.3342
134. 
120. 110. 
IC 4. 
98. 
94. 
91.
CONTROLS MEASUREMENTSITERATION TCI T TCO CA0 20.00 24.03 20.60 31.921 40.91 23. 19 21.01 32.01e 34.31 23. 56 37. 53 32.07
3 34.81 30.73 34.46 31.504 34.62 32.39 34.57 30.805 31.70 33.61 34.37 29. 196 29.26 34.20 32.51 27.367 33.90 33. 17 29. 56 26.458 32.67 33.62 33. 58 25.34.9 34.03 32.90 33.02 24. 4010 32.65 33. 59 34.16 24.7711 27* 12 35.34 33.25 24,9412 31.76 34.62 ?o.90 25.4213 31.48 34.92 32. 15 25.4014 31.86 34.81 31.74 24.73 .1 5 29.77 35. 50 32.06 24.5916 33*54 34.76 30. 74 24.9317 29.7S 35.66 34.56 24.2018 36. 13 33.90 31.01 23. 5919 30.33 35. 57 35.27 23.7420 31.75 35. 34 30.97 23.9921 32.71 35.14 31.35 23.9022 36.47 34.60 32. 56 25.2523 33.49 35* 56 36.37 25,2624 35.82 35.16 33.33 25.4225 36.30 34.B3 35.87 24.23
26 34.26 35.24 35.89 23*3927 31*72 35.97 35.07 23.43 •
28 29*20 36. 54 32.57 22.8029 35.61 34.90 29. as 22*88
30 32.42 35.68 34.35 22*66
PARAMETER ESTIMATES TRUE OR NOMINAL PARAMETERCRTFC 3.7 538 
0.2236 
0.6362 
0.6528 
0.6CC3 
C.6S3S 
0.6487 
0.6267 
0.6251 
C.5911 C« 59 54 
0.6197 
e .5223 
0.5435 
0.5616 
0.6 176 
0 .6C77 
0.6 548 
0.5361 
C.4977 
0.5787 
e.59?3 ■ 
0. 5 59 5 
0. 5301 
C.5896 
0.5992 
8.6066 
C * 6001 
0. 67 66 
0.6931 
0.6441
40000. 
45420. 
457 7 4. 
46043. 
46235. 
46312. 
46331. 
46366. 46389. 
46371. 
46401. 
46425. 
46471. 
46500. 
46506* 
46521. 
46549. 
46548. 
46547. 
46556. 
46571. 
46579. 46619. 
46637. 46659. 
46652. 
46644. 
46649.
46643. 
46647.
46644.
CRTFC
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.76350.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0-7635
0.7635
0.76350.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
0.7635
STANDARD DEVIATION 
CA CRTFC E
3.0000 
2.5911 
0.3953 
0.3922 
0. 3395 0.3839 
0.3863 
0.3781 
0.3765 
0. 37 59 
0. 3757 0.3743 
.3553
7071. 
1 55, 
135. 
120* 
109. 102* 
9 7.
0.3535 
e .3507 
0.3439 
0.342! 
0.3414 
0.3331 O.3306 
0.3231 
O.3212 
0.3202 
0.3190 
0.3174 
0.3171 
0.3170 
0.3164 
0.3127 
0.3051 
0*3035
469 34*
46934.
469 34.
46934.
46934.
46934.
46934.
46934*46934.
46934.46934.
46934.
469 34.
46934*
469 34*
46934*
46934.
46934*
46934*
46934*
46934.
46934.
46934.
46934.469 34.
46934.
469 34i
46934.
46934.
46934..
46934.
3 2 0
3AHLJLA..48
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
.REMARKS:
RESULTS FROM TYPICAL RUM
ELEMENT 
RUN CODE
1 2  3 4
3D
CRTFC/E 
EME 
PP+LC 
SIMULATION
7 8 9 10 11 12 13 14 IS 16
3 STATE!S>
AVERAGE ACTUAL TIMES
- 1 - 1  2 6-1 2 3 - 1  3 2
PARAMETER!S) 1 CONTROL!S)
ESTIMATION CONTROL
0.18 3.11
DIAGONAL STATE CONTROL PROCESS »
ELEMENTS WEIGHT WEIGHT NOISE
1 0. 1OOO0E 01 O-O0O00E 00 0.O000PE 00
2 0.00000E 00 O.OOOflPE O03 0.10R00E 0!
DESIRED CONCENTRATION* 22.50 GM0L/M3
MEASUREMENT" 
NOISE 
0.250P0E 80 
0.2SPP0E 02 
B.2S0C0E 00
AVERAGE RESULTS OF 100 RUNS 
SUBOPTIMAL CONTROLLER PERFORMANCE INDEX- 0.999I4E 03 
AVERAGE DIAS
CONTROLS TCI 20.00 
5C.30 
20.00 
£8.00 20.00 50* CR 
20.00 
SO.CO 
20.00 
35. 56 
33.25
28.30 
31.79 
20.00 
41 .21 
30-25 
33.63 
30.36 
35.24 
31.28 
32.09 
32.84
50.00
20.00 
39. 10 
36,04
34.30 
32.32 
29.55 
34.91 
32.82
PARAMETER ESTIMATES
MEASUREMENTS 
T TCO CA 
24.03 20.60 31.82
23.19 21.01 32.01
30.69 45.00 31.85
28.97 23.47 31.31
34.60 46.06 30.5831.86 23.44 28.99
37.15 46.55 2 7.06
33.24 23.29 25.98
37.39 46.34 25.09’
32.76 23.94 23.55
33.78 34.73 24.13
35.62 33.81 24.32
35.10 30.95 24.98
35.23 32.31 25.00
32.38 22.36 24.62
35.8? 38.79 24.66
35.18 31.66 24.92
36.00 34.74 24.13
34.29 31.56 23.47
35.65 34.61 23.62
35.61 31.71 23.07
35.42 31.71 23.77
34*84 32.73 25.11
38.90 47.52 24.8!
34.52 23.46 24*86
35-05 37.76 23.87
35.35 35.05 23.09
36.C6 35.11 23.20*
36.74 33.07 22.63
35.14 29.73 22.70
35.69 33.83 22.52
TRUE OR NOMINAL PARAMETERSITERATION T TCO CA CRTFC E ITERATION CRTFC E CRTFC E0 0.00 0.00 0.00 -2.9865 6934. 0 3.7 500 40000. 0.763$ 46934.I 0- 00 0.00 0.00 -2.0430 1557. 1 0.2236 45420. 0.7635 46934.2 0.0P 0.00 0.00 0.4224 1236. 2 0,6674 45799. 0.7635 46934.3 0.00 0.00 0.20 0.29S7 1P40* 3 0.5568 46054. 0.763S 46934.4 0.00 0.00 0.00 0.2107 897. 4 0.6740 46242. 0.7635 46?34.S 0.00 0.00 0.00 0.1943 800. 5 0.6038 46316* 0.7635 46934.6 0.00 0.00 0.00 0.1779 732. 6 0.7013 46336. 0.7635 46934.7 0.00 0.00 0.00 0.1506 675. 7 0.7192 46372* 0.7635 46934.8 0.00 0.P0 0,00 0.1443 634. 8 0.7456 46397. 0.7635 46934.9 0.00 0.00 0.00 0.1273 598 • 9 0.6813 46380. 0.7635 46934.10 0.00 0.00 0.00 P. 1143 568. 10 0.6896 46406. 0.7635 46934.11 0.00 0.P0 0.00 0*1144 $44. 1* 0.69 11 46426. P.7635 469 34.12 0.00 0.00 0.00* 0 .I 144 518. 12 0.6764 46473. 0.7635 469 34.13 0.00 0.00 0.00 0. 1 124 498. 13 0.6790 46S0O. 0.7635 46?34.14 0.00 P.PO 0.00 0 .I 100 479. 0.6965 4650 5. 0.7635 46934.15 0.00 0.00 0.00 P.1CSB 462. 15 0.6725 46519. 0.7635 46934.1 6 0. 00 0.00 0.00 0.1069 446. 16 0.6694 46549. 0.7635 46934.17 0.00 0.00 0.00 0. 1071 432. 17 0.6749 46548. 0.763$ 46934.18 0.00 0.00 0.00 0. 1052 417, 18 0.6568 46547. 0.7635 469 34.19 0.00 0.00 0.00 0*1032 406. 19 0.6536 46555. 0.7635 46934.20 0-00 0.00 0.00 0.1020 39 5. 20 0.6626 46570. 0.7635 46934.21 0.00 0.00 0.00 0.1028 383. 21* 0.6654 • 46579. 0.7635 46934.22 0.00 0.00 0,00 0.1005 373. 22 0. 6S93 46618. 0.7635 46934.23 0.00 0.00 0.00 0. 1010 364. 23 0.6834 46638. 0.7635 46934.24 0.00 0.00 0.00 0.1006 354. 24 0.7007 46661. 0.7635 46934.25 0.00 0.00 0,00 0.1000 346. 25 0.7174 4G654. 0.7635 469 34.26 0.00 0.00 0.00 0.0998 337. 26 0.7191 46646. 0.7635 46934i27 0.00 0.00 0.00 0.1023 330. 27 0.7183 46651. 0.7635 469 34.26 0. 00 0.00 0.00 0.1023 323. 28 0.7279 46644. 0 *7635 46934.29 0.00 0.00 0.00 0,1026 316. 29 0.7304 46648. 0.7635 46934.30 0.00 0.00 0.00 0.1020 310. 30 0.7246 46645. 0.7635 46934.
ESTIMATION 
CRTFC 
2.9565 
2. 3670 
0.9645 0.681 1 
0.5933 
3.547C 
0.5162 
0.4928 
0.4656 
0.4494 
0.4442 
0.4427 
0.4355 
0.4309 
0.4294 
0.4243 
0.4197 
0.4170 
0.4129 
0.4096 0*4093 
0.4070 
0.4064 
0.4064 
0.406S 
0.4062 0*4(561 
0.4051 
0.4045 
0.4040 
0.4031
6934. 
1565. 
1244. 
1053. 915. 817. 
750. 
692. 
647. 
61 I. 
581. 
557. 
530. 
510. 
491. 
47 4. 
458, 
443. 
428. 
417. 
406. 
394. 
384. 
375. 
365. 
3 £7. 349. 
342, 335. 
327. 
322.
AVERAGE FILTER STANDARD DEVIATION CRTFC E
7071.
155.
3.0000 
2.5911 
0.7075 
0.3306 
0.2421 
0.2100 
0.1933 
0.1740 
0.1637 
0.1533 
0.1452 
0.1407 
R.1363 
0-1336 
0-1316 
0. 1296 
0*1281 
0.1268 
0.1256 
0.1246 0-1237 
0.1232 
0-1227 0.1221 
0.1217 
0.1212 0.1207 
0.1202 
0.1199 
0- 1196 
0. 1193
133. 
) 19. 
109. 102.
7071.
155.
133.119.
109.
IPI.
96.
5TANDAR0 DEVIATION 
CA CRTFC E
3.P0PO 
► 5911 
2667 2379 
2015 
1847 
1701 
1584 
149 7 
1419 
1412 1411 
1403 
I 401 
1367 
1344 
1336 
1336 
1331 
1331 
1328
1327
13261292
12311222122212221220
1216
1215
3 2 1
TABLE A. 49
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
RESULTS FROM TYPICAL RUM
3D '
CRTFC/E 
EME
PP+GLC
SIMULATION
-2 1 l - l  -15 6 7 8 9 10 II 12 13 14 15 16 3 -1 4 8 2 1 .1
3 STATE! S) 2 PAPAMETER! S) I CONTROL!S>
AVERAGE ACTUAL TIMES
ElAGONAL 
ELS! ENTS
STATE WEIGHT e.iceccE oi c.ooocpe oe o.ieccoE oi
ESTIMATION CONTROL
0.16 3.74
CONTROL PROCESS "MEASUREMENT"
VEIGKT NOISE NOISE0.00003E 00 O.25O00E 00 
0.30300E CO O.Q5000E 00 
O.2S0e0E 00
DESIP.ED CONCENTRATION- 22.50 GM0L/M3
AVERAGE RESULTS OF 100 RUNS 
SUEOPTIMAL CONTROLLER PERFORMANCE INDEX* 0 . I0201E 04
ITERATION T TCO CA CRTFC E0 . 0.00 0.00 0.00 -2.9865 6934.
1 c.co 0.00 O.CC -2.0430 1557.
2 O.CO 0.00 0.00 0.4224 1236.
3 o.eo C.CO O.CO 0.2987 , 1040.
4 o.eo O.CO o.cc 0.21G7 * 897.
5 0.00 O.CO 0.00 0.1943 800.6 0.00 C.CO 0.00 0.1779 732.
7 0.00 0.00 C.CO 0.1506 675.8 c.co 0.00 0.00 0.1443 634.
9 0.00 0.00 0.30 0.1273 598.
10 o.cc 0.00 0.00 0.1159 568.
I 1 0.00 C.CO 0.00 0.1149 544.
13 C.00 c.co C.CC 0.1153 518.
13 0.00 O.CO 0.00 0.1114 496.14 D- C3 O.CO 0.30 0.1077 479.
1 5 c.co G. 03 0.20 0.1070 462.
16 c. cc 0.00 0.00 0.1053 446.17 o.cc o.cc 0.C0 0. 1CI7 432.
18 c.co c.co O.CO 0.C936 418.
19 c.eo O.CO O.CO 0.0964 406*20 o.eo c.co O.CO 0.09 50 395.
2! o.ee 0.00 0.00 0.e9 59 ’ 383.22 c.co O.CO O.CO 0.0976 373.
23 0.CC c.co 0.00 0.0936 364.
24 0.00 o.cc 0.00 0.0982 354.
25 c.cc 0. CO o.co 0.0985 346.
26 c.co 0.00 o.eo 0.C961 338.
27 0.0C 0.00 o.co 0. 1003 331.23 c.oo 0.00 0.00 0 . ioei 323.
29 0.00 0.00 0.00 0.1007 316.33 0.00 0.00 0.00 0.0996 310.
RMS ESTIMATION ERROR AVERAGE FILTER STANDAFDITERATION CRTFC E CRTFC E0 2* 9865 69 34. 3.C00P 70 71 •1 2. 3670 1565. 2.59 11 155.2 0.9645 1244. 0.7075 133.3 0*691! 1058. 0.3336 I 19.4 0.5983 915. 0.2421 109.5 0. 5470 817. 0.21C3 IC2.6 0*5182 750. 0. 1933 97.
7 0.4928 692. 0 .K740 9 3.8 0.4657 647. 0.1637 90.
9 0.449 5 61 I. D.1530 87.10 0.4437 531. 0.1450 65.
1 1 0.4400 557. C.1402 82.12 0.4341 S30. 0 .1356 81.
13 0.4290 510. 0.1327 79.
14 0.4277 491. 0 .I3C7 77.
15 0.4225 474. 0.1287 76.
16 0.4188 458. 0.1270 75.
17 0.4158 443. 0.1257 73.18 0.4122 428. 0.1247 72.
19 0.4095 417. 0.1237 71 .
20 0.4081 406. 0.1223 70.
21 0.4070 394. 0.1221 69.• 22 0. 40 55 384* 0.1214 68.
23 0.4 0 68 376. 0.1206 67.
24 0.4058 365. 0 .12C0 66.
25 0.4050 357, 0.1194 66.26 0.4050 349. 0. 1187 65.
27 0.4043 342. 0.2181 64.
28 0.4033 335. 0.1176 63.29 0.4022 327. 0.1172 63.30 0.401S 322. 0 »1168 62.
30
CONTROLS
TCI
20.00
50.0020.00
50.00
20.00
50.00
20.00
50.00
20.00 
34.92 
32.46 
27.04 
20.00
50.00
20.00 
33.65 
32.94 
29.71 36. 17 
30.07 
31.89 v 
32.78
50.00
20.00 39.00 
35.75 
34.28 
31.74 
29.24 
35.61 
32.31
PAPAMETER ITERATION CRTFC 
0 3.7 5C0
t 0.2236
2 0.667 4
3 0.5 563
4 0.67405 0.6838
6 0.70137 0.7192
8 *0.7456
9 0.6813
10 0.6684
11 0.6921
12 0.6765
13 0.6884
14 0.6760
15 0.7261
16 0.7272
17 0.7282
18 0.7117
19 0.7062
20 0.7 162
21 0.7175
22 0.7124
23 0.7310
24 0.7420
25 0.7 562
26 0.7 576
27 0.7 57O
28 0.766429 0.7680
30 0.7613
ESTIMATESE
' 40000. 
45420. 
457 99. 
460 54. 
46242. 46316. 
46336. 46372. 
46397. 
46380.
. 46406. 
46423. 
46471. 
46496. 
46503. 
46S18. 
46546. 
46545. 
46544. 
46553.. 
46563. 46576. 
46616. 
46636. 
46659. 
46652. 
46644. 46649. 
46642. 46646. 
46644.
MEASUREMENTS 
T TCO CA 
24.03 20.60 31.82
23.19 21.01 32.0130.69 45.00 *31.95
28.97 23.47 31.31
34.60 46.06 30.58
31.86 23.44 29.99
37.15 46.55 27.06
33*24 23.29 25-99
37.39 46.34 25.0?
32.76 23.94 23.55
33.63 34.20 24.14
35.32 33.12 24.37
34 . 59 29.83 25.C3
32.14 22.49 25.42
37.06 45.96 24.73
34.46 23.59 24.49
34.85 33.19 24.94
35.61 34.26 24.21
33.05 30.95 23.60
35. 54 35.29 23. 75
35.$6 3P.76 24.01
35. 11 31.44 23.92
34.60 32.62 25.27
38.72 47.49 24.9634.40 23.44 25.00
34.93 37.66 23.99
35.20 35.59 23.20
35.94 . 35.06 £3.30
36. 52 32.58 22.70
34.90 29.39 22-01
35.68 34.36 22.61
TRUE OR NOMINAL PARAMETERS CRTFC E
0.7635 46934.
P.7635 46934.
0.7635. 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 469 34’.0.7635 46934.
0.7635 46934.
0.7635 46934.
0.763S 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0-7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 .46934*
P.7635 46934.0.7635 46934.
0.7635 46934.
0.763S 4^934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 4693A.
0.7635 46934.
0.763S 46934.
STANDARD DEVIATION
CA CRTFC E
3.0000 7071.2. 5911 155.
0.2667 133.
0.2379 119.
0.2015 . 109.
0.1847 101.
0.1701 96.0.1534 92.
0.1497 89.0.1419 86.
0.1413 85.
0.1412 83.
0.1401 81.
0.1372 80.
0.1308 78.
0.1252 77.
0.1250 ?S.
0.1249 74.
0.1245 73.
0.1244 72.
0.1241 71.
0. 1240 70.0.1239 69.
0. 1212 68.0.1164 67,
0. 11 57 ' 66.
0.1157 65,
0* 1157 64,
0 .1I5S 64,
0. 1151 63,0. US1 62,
3 2 2
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 50 RESISTS FROM TYPICAL RUN
2D
CRTFC;E 
EKF
OPEN-LOOP 
PRACTICAL
-l I 1 -1 - I  I 3 -1
2 PARAMETER! S>
9 10 U 12 13 14 15 16 
2 2 -1 5 2 2 3 1
1 CONTROL!S)
AVERAGE ACTUAL TIMES
DIAGONAL
ELEMENTS
STATE
WEIGHT
CONTROL PROCESS MEASUREMENT
WEIGHT NOISE NOISE
0.2S0OOE OR 0•4000CE 01 
G.250COE G0 0.4000OE 01 
0.BO0COE 00 
B.0000OE 00
AVERAGE RESULTS OF 100 RUNS
cumtrols
TCI 
20.03 
21. 14 
24. 39
29.26 
35. G0
40.74
45.61 
45.06 
5P.0O 
4B.3 6
45.61
40.74
35.00
29.26
24.39 
21.14 
2D. 00 
21. 14
24.39
29.26 
35.P0
35.00 
35. 00
35.00
35.00
35.00
35.00 
35. 00
35.00
35.00
35.00
-0.25 
-C.22 
-0. I 3 
0. 12 
0.46 
0.95 
0.94
8.35 
-0.C8 
-0. 34 
-8.55 
-0.44 
-0.33 
-0.32 
-C.28 
-C.25 
-3.29 
-0.26 
-0.17 
-0.11 -0.20 
-0.23 
-0.27 
-0.23 
-0.17 
-0.12
AVERAGE BIAS 
CA CRTFC 
-1.42 -2.986S 
0.33 -3.0104 
1.04 -2.8504 
I . 15 -2.6129 1.36 -2.5491 
1.54 -2.5291 
1.45 -2.4772 
1.31 -2.2995 
I . 12 -1.7669 
0.94 -1.3657 
G.79 - I . 0457 
0.57 -8.9890 
0.76 -0.9798 
0.83 -1.0036
0.83 -0.9729 
3.95 -0.7924 
1.10 -P.6174
1.C4 -0.4775 
1 * EG -0.3570 
0*06 -E .2737 
0.e2 -C.2015 
0.B1 -0.1562 
D.B5 -0.1342 
C.70 -0. 1250 
0.56 -0.1182 
0.50 -8.1162 
0.45 -0.1142 
0.51 -0.1120 
0.48 -0.1090 
0.49'-0.1024 
0.3S -0.0866
69 34. 
21 1 5. 
1659. 
138C. 1201. 
1069. 
960. 
876. 
818. 
78 3. 
768. 
739. 
721. 
705. 
684. 
660. 
631. 
* 628. 
594. 
576. 
562. 
547. 
535. 
524. 
509. 
499. 
493. 
486. 
47 6. 
467. 
462.
24.03 
22.45
23.71 
24. 61 
26. 18 
26.86 
31.65
34.04 
38.07
41.71 
43.26 
44.30
44.04 
42. 12 
39.36 
36.81 
35. 39
32. 50 
31.61 
30.60 
30.83 
31.67
33. 51 
34.44
35. 12 
35.87
36. 10
36. 51 
36.96
37. 02 
36.89
CA
31.82
31.63
30.34
30.25 
29.71
28.26 
27.91 
25.88 
24. 33
21.83 
19.94 
18.55 
17.79
17.73 
17.86
18.74
19. 32
20. 54
21.85 
22.76
23.34 
23.44 
23,30 
23.23 
23. 30 
23. 50 
22.46
21.86 
21.53 
21.59
21.64
HFASft 
T 1 
?4. 19
25.04 
??• 8 4 
25.82 
31.21 
32*07 
35. IP
35. 69 
43* CO
41.85 
44. 51
44.05 
37.67 
35.6!
37. 5P
38.86 
31.84 
34.75 30.03 
30.66 
29.81 
35.49 
33.99 
34.88 
37.37
33.86
36. 5538. 10 
36.SP 
34.90
24. 19 
24.19
24.24 
24.99 06. =3
28.91 
32.ei 
35.62
39.P7 
42. 11
44.24
45.09 
44.49 
42.66
40, 10 
36.96 
34.01 
31.45 
29. 57
28.91 
29.43
31.10 
32.71 
33.S3 
34.80 
35.36 
35.75 
36.09 
36.35 
36. 57 
36.70
31.67
37.94 
32.0? 
31.22 
28.64 
31.21 
26.01
25.*?
IS .54 
1 7.53 13.24 
18.93
17.63 
20. 73 
21 .46
23.63 
25.7423.95 
24.42 
23.45
23. 59
24. 19
26. 16 
27. 33 
19.09' 
20.59 
s r.97 
23.72 
23. I I
30.54 
30 •33 
30. 12
29.47
28.47 
26.39
21-20 .
19.50
19. 15
18,92
19. 10
19.56
00.7121.66
22.79
23. 79 
24.4324. 7? 
24. B! 
24.52 
24.09 
23.75 
23.33 
22.99 
22. 73 
22.54 
22.25
RMS ESTIMATION ERROR AVERAGE* FILTER STANDARD DEVIATION1 PARAMETER ESTIMATES TRUE OR NOMINAL PARAMETERS
iteration T TCO CA T TCO CA ITERATION CRTFC E CRTFC E
0 0.16 1.42 2.eo 2.ce 0 3* 7 500 400C0. 0.7635 46934-
1 0.78 1.90 *1.29 1.99 1 3.3355 450 65. 0.7635 469 34.
2 0.66 1.90 1» 02 1.56 2 3.5626 45344. 0.7635 4693A.
3 0.60 I . 61 0.88 1.34 3 3.3930 45654. 0.7635 46934.
4 0.50 1.91 0.73 1 .20 4* 3.3336 * 45823. 0,7635 46934.
S 0.40 1.91 C.30 I .  I I 5 2.6243 45377. 0.7635 46934*
6 0.73 1.76 0.99 1.25 6 2.3073 46100. e.7635 46934.
7 ' 1.34 1.59 1. 16 - I.C1 7 2.6143 461C8. 0.7635 46934.
8 1.39 1.34 1.23 C.97 8 2.5016 46187. 0.7635 46934*
9 1.33 US8 1.19 0.93 9 1.4923 46144. 0.7635 469 34J
10 1.20 1.04 1.23 C. 86 10 1.3743 46C91. 0.7635 46934.
11 1.01 0.87 0.91 * C.52 1 1 1.7565 46C73. 0.7635 46934.
12 0.61 0.99 0.73 C. 79 12 1.7814 46063. C.7635 469 34.
13 0.30 0.97 0.73 C. 76 13 1.7260 46105. 0.7635 46934.
1.4 0.59 0.95 e.ss 0.75 1 4 1.1635 46111. 0.7635 469 34.
15 * 0.96 1 ■ OS 1.02 0. 76 1 5 1.2742 46147. 0.7635 46934.
16 1.01 1.19 . 1.11 0.77 1 6 2.2347 46165. 0.7635 46934.
17 0.95 1.1 5 1. 16 0.73 17 1.9 £62 4622.6. 0.7635 46934.
18 0.91 xt. 13 1.03 0.7? 18 2.2 646 4628 5* 0.7635 469 34.
19 0.79 1.02 C.91 e.?;r 19 2.1153 46306. 0.7635 46934.
20 0.59 0 98 0.7© 0.82 20 2.C49 3 46325. 0.7635 469 34.
21 0.48 0.98 0.63 e.7? 21 1.9401 4632 5. 0.7635 469 34.
22 0.39 1.00 0.66 0.73 22 1.9914 46330. O.7635 46934.
23 0.32 0.85 0. 65 C. 77 23 1. 9 53 2 46344. 0.7635 469 34.
24 0.31 0.71 0.65 C.77 24 1.9230 46363. 0.7635 46934.
25 0.34 0.67 e,6S 2.76 • 25 1 .9063 46445. 0.7635 46934.
26 0.39 6.63 C.65 C.75 26 I.9012 4639 6. 0.7635 46934.
27 0.37 6.63 e.65 C.75 27 1.9047 46332. 0.7635 469 34.
28 •0.37 0.63 0.66 0. 74 2d 1.9221 46375. 0.7635 46934.
29 0.35 0*63 0.66 0.74 29 1.9268 46402. 0.7635 46934.
30 0.32 0. 55 0.66 0. 74 30 1.8 62 3 46418. 0.7635 469 34.
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATION
ITERATION CRTFC E CRTFC V iteration T* TCO CA CRTFC Eo • 2.9865 69 34. 3*rC2C 78 TI. 0 2.00 2.00 3.OOG0 7071.
I 3.0 179 2197. 2.9254 663. 1 1.29 1.99 2.9853 668.
2 2.0770 1709* 2.9560 451, 2 1.01 1.57 2.9690 450.
3 2.6449 1416. 2.9337 361. 3. 0.86 I .34 2.9576 360.
4 2.5805 1237. 2.9317 329 • 4 0.77 1.2! 2.9564 308.
5 2.5950 1096. 2.8862 275. 5 0,8 3 1.12 2.0939 273.
6 2.68G6 982. • £.6734 252. 6 1.05 1.05 2.6252 243.
7 2.7067 895. 2.3019 233. 7 1.21 1 .02 2.2096 228.
8 2.1716 833. 1.9154 215. 8 1.24 0.98 1 . 8 1 62 213.
9 1.7274 798. 1.6143 224. 9 1* 13 0.93 1.5325 202.
10 1.4519 782. I . 4296 19 5. 1C 1.C7 0.6S 1.3577 193.
1 1 1.3926 753. 1.2432 135. 1 1 0.91 0.63 1.2744 186.
12 1.3675 . 735. 1.2213 122. 12 0.74 0.78 1.2526 181.
13 1.3723 718. 1.2143 17 7. 13 0.63 0,76 t .2513 176.14 1.3708 696. 1.262-7 1 73. 14 0.79 0.75 1 .2203 172.
15 1.2199 671. 1.1464 t 65. 1 5 1.00 0.75 t. 1197 168.
16 1.0392 643. 1 .T075! 1 64. 16 1.10 0.77 0.06 57 164.
17 0.8 467 619/ C.GB33 161. 17 1.08 0.70 0.8759 160.
18 0.7223 606. C* 79 59 157. 18 l.OI 0.79 0.7966 1 57.
19 0.6410 537. 0.7433 154. 19 0.92 0.HP 0.7468 154.
20 0.5801 57 3. 0.7193 151. h 0.8 1 O.80 0.7207 151.21 0.5630 558. C.7!33 149. \2\ 0.72 0.79 0.7110 148.
22 0.5435 546. P.7115 146. \22 0. 69 0,78 0,7078 145.
23 0.5325 534. C.7178 143. \>3 0.6 3 0.77 0.7066 142.
24 0.5256 5th. 0.7126 147. 0.68 0. 76 O.7061 139.
25 0.5234 508. t 0.7105 1 37. £5 0.63 0.76 0. 71158 1 36.
26 0.5210 £01. 0.71CA 134. 26 0.63 0.7S 0.7056 !3<1..
27 C.5206 49 4. 0 . 71 2 J 132. 27 0.68 0.75 0.7053 n t .
28 0. 5183 43 3. G.7796 129. 28 C. 68 0.74 0.7048 127.
29 0.5257 474. C»7037 127. 29 0.65 0.74 0.7040 127.
30 0.5223 469. 0.7074 125. 30 0. 68 0.7 3 ft.7C30 125.
3 2 3
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A» 51 RESULTS FROM TYPICAL RUN
3D
CRTFC/E 
EKF
OPEN-LOOP 
PRACTICAL
ITERATION
ELEMENT
run CODS
3 STATE!S>
I -I -1 2 6
2 PARAMETER! S)
IP M 12 13 14 15 16 
2 -1  5 2 2 3 1
1 CONTROL!S>
AVERAGE ACTUAL TIMES
STATE
WEIGHT
ESTIMATION
CONTROL PROCESS MEASUREMENT
WEIGHT NOISE NOISE
0.2S20CE 00 0.4ROOPE 0! 
C.2500CE 03 0.40000E 0! 
0.2SD00E 00 0* 40000E 01 
0.CR0C0E GO fl•OP000E 00
AVERAGE RESULTS OF 100 RUNS
CONTROLS 
TCI 2fl.0O 
21. 14
24.39
29.26
35.00
40.74 
45. 61 
40.06
50.00 
40.86 
45. 61
40.74
35.00
29.26
24.39 
21. 14
20. CD
21. 14
24.39
29.26
35.00
35.00
35.00 
35.0P 
35. CO
35.00
35.00 
35.DD
35.00 
35.D0 
35. CC
-0.43-0.50
-0.33
-C.23 
-C. 1 6 
-C.19 
-0. 19 
-C.21 
-C.23 -0.22 
-C.23
-2,2 5 
-C.21 
-C.2? 
-2. 19 
-0.21
TCO 
0.07 
0.26 
-0. 27 
-C.27 . 
-2.49 
-P .7 1 
-0.94 
-1 . 09 
-C.32 
-C.C2 -0. 14 
e.C3 . 
C.C4 
C. 19 
0.4C 
0.20 
0.26 
e. 16
“2*2 3 
-e.cc 
-e.ec
“0. 37 
-0. 17 
“0. 1 1 
-P-22 
-0.49 
-s.a.i 
-S.24 
-C. 12 
-C.C6 
-C.12
AVERAGE BIAS 
CA CRTFC 
-1.42 -2.9865 
C. 12 -2.9657 
0.91 -2.0675 
1.31 -2.6924
1.60 -2-5223 
1.72 -2.3449
1.60 -2.0953 
1.44 - I . 7007 
1.25 -1.4023 
C«99 -1. 1917 
G.72 -0.9026 
0.60 -0,6270 
0.73 -C.8630 
P.78 -0,3739 
C.78 -0.7367 ■ 
0.91 -0.5941 
1.07 -0,4)83
1.01 -P.3S75 
C.9C -0,2239 
0.33 -C .1863 
0.78 -0.1426 
0.76 -0.2930 
0.78 -0.0736 
0.66 -S .0653 
C.56 -0.0576 
0.S3 -0.0569 
0.43 -G.eS60 
0,53 -0.0524 
0.50 -0.0SI0 
0.50*-0.0432 
0.41 -0.0496
6934. 
2025. 
1604. 
1379, 
1214. 
1072, 
960. 
8 69. 
817. 
778. 747. 
731. 
703, 
686. 
664. 
64 3. 
620. 
598, 
579. 
567. 
553. 
538. 
525. 
5tS.
49 5. 
437. 
491. 
474. 
466. 
463,
STATE ESTIMATES 
T TCO 
20.60 
20 .44 
21.33 
24.44 
28-8)
34.07 39. 49
44.00 
47. 42
45.90 
43.21 
45.62 
41.7S 
36. 37
31.00 
26.27 
23. 17 
21.95 
22. 42 
24.9n 
29. 05
34.03 
34. 56
34.90 
34.79
35.04 
34.99
35.25
35.26
35.05
35.08
24.03 
22.96
24.03 
24.99 
26. 49 
28.66 32.22
34.8 3
37.8 6
39.8 4 
42. 1 6
44.7 5 
44.78 
43-3140.8 5 
33.50
35.03 
32.83 
29.72
30.02
3U55
32.72
33.92
34. 59 
34.9 5
35. 42
36. 12
36.90 
36.7 5
36.90
CA 
31 .82 
31. 16 
30.92
30.83
30.72 
29. I 5 27. 1 I 
25. 44 
23.68
21.30 20.23
8.87 
3.38 
8. 14 
8.03 
8,60 
■9. 59 
20. 1521.30 
22.47 23. 40
23.72 
24.62 
24.52 
24.36 
23. 50 
22.78 
22. 43
21.83 
21.64 
21.33
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES
MFAStTlFNTr 
T Tn CA
?0.lo ?".CS 30.42
PP.92 ??.?0 ?l.?t
25.T" 20.37 32W26
04.75 25.70 32.62
26.26 29*75 32.89
33. 56 
33. 70 
37.66 
37. 59 
43. 33 
50.41 
47.07 
44.26 
40 . 60
33.9 3
25.94 
31. 12 
31 . 17 
31. 49 
3C.63 
33.M
32.9 4 
31.06 
33.64 
37.61 
40.44 
34.9C
36.95
39.8 5 
40,86 
46. 52 
43 , 57
45 . 9 4
46 .*2
46.9 4
25.96 26.rs 
ro. 13 
16.52 22. 10 
rr. 14
T9. 14
rr.r?
10.71PC • 72 
23. 6 7
P6.C4 
Pf. 55 
PC. 9 8
‘22. 3?
sr. is 
rr. i?20.42
24.90 
26. 53 
28.9 1
32.01 
35.62
39. C7 
42. 11 
44.24 
4 5. 09 
44. 4? 
42.66
40. 10 
36.96
34.01 
31.45 
29. 57
23.91 29. 43 
31. IP 
32.7! 
33.86 
34.8C 
35.36
35. 75 
36.29 
36.35
36. 57 
36.70
UE STATES Tn
20. 63 2C . 6?
21. 1 5
CA
24. 14
35. 59 
43.C6 
46, (3 45 .72
30. 42 
32 . 51 
3C. 54 
32. 3B 
3r. 12
2®. 47 r®. 4?
26.?o
25.01
31-46 10.12
26.56 I®.96
23.29 pf. 71 
31 .90 . 21.66 
22,08 22,79
24.93 £3,7?£5.55 24.4®
33.90 24.79
34.4? 24.81
34.76 24.52
34.81 34.94 
35, 1 3 
25*22
TRUE OR NOMINAL PARAMETERS
ITERATION T TCO CA T TCO CA ITERATION CRTFC E CRTFC E0 0. 1 6 0.07 1.42 2. CC 2.20 2.00 . 0 3.7 500 40000. C.7635 46934.
1 0.82 C. 29 1.92 1.29 C. 52 1.99 I 3.1356 449 59 . C.7635 46934-
2 0.84 0.30 1.79 1.02 C. 50 I . 56 2 3*3810 45527. 0.7635 469 34*
3 0.79 0.30 1.75 C. 88 C.49 1.34 3 3.2768 458 45. 0.7635 469 34.
4 0.57 0. 50 1.89 C. 75 C. 51 1 * £2 * 4* 3.2066 ’ 46090. 0.7635 469 34.
5 0.44 0.7 3 1.96 0. 79 C. 54 1.11 5 2.9519 460B1. C.7635 46934.
6 0.67 0.97 1.80 2.97 C.57 I.C4 6 1.9 150 460 1 3. 0.7635 46934.
7 1.00 1. I 1 1.64 1.16 C. 57 1.22 7 2.3052 46D 50. 0.7635 469 34.
8 1.24 0.84 1.45 1.23 C. 54 0.97 8 2.4450 460 69. 0.7635 469 34.
9 1.39 0.64 1.24 1.19 e.5i C.93 9 3.1647 459 48. 0.7635 46934.
10 1. 11 O. 18 1.05 1.07 C.49 2.33 10 2.9724 46013. 0.7635 469 34.
11 0.89 0.15 0.90 C.93 C. 53’ 2.33 1 1 1.7 185 46079. C.7635 469 34.
12 0.53 e. 19 6.9 5 0.73 C. 52 P. 79 12 1.4 306 46182. 0.7635 46934.
13 0.31 0.29 0.95 0.69 C.54 C. 76 13 1.4 555 46P27. 0.7635 4C934.
1*4 0* 56 0. S3 0.93 0.32 2- 35 2. 75 14 1.4527 46222. C.7635 4 69 34.
15 0.87 0,32 1.04 ! .en C5.E4 "•*>6 15 1.0775 ' 46239. 0.7635 469 34.
16 0.94 0,32 1. 18 1.C9 C. 52 P.77 16 1.44B3 46305. C.763S 469 34,
17 1.00 0.23 !.14 1.C9 2.5C C. 73 17 1,6299 46295. C.7635 469 34.
18 0.92 0,26 1.08 1.C1 C.49 0.79 18 0.9196 46294. 0.7635 469 34.
19 0.72 0. 13 D.99 0.90 P . 49 P. 20 19 1.0831 463)3* 0.763S 469 34.
20 0.59 0.25 0.9S 0.77 C. 5C C.S? 20 1.C778 46344. 0.7635 46934.
21 0.43 0. 40 0.94 0.63 2.51 C. 79 21 0.9775 46353. C.7635 46934.
22 0.40,. e.23 0.95 0.65 0. 49 e. 72 22 D.8140 46445. 0.7635 469 24.
23 0.36 0. 17 0.84 C. 65 P. 49 C. 77 23 0.7963 46469. 0.7635 469 34,
24 0.3S 0.24 0.76 C. 65 C.49 2. 76 24 0.7860 4 650'3. 0.7635 469.34,
25 0.39 0. 50 0.71 C« 65 C.49 C. 76 25 0.BPC4 46463. C.7635 469 34,
26 0.37 0.33 0.67 2.65 0.49 e. 75 26 0.8042 46429. 0.7625 46934.
27 0.34 0,27 0.68 0.65 0.49 0. 75 27 0.8P57 46435. 0.7635 4 69 34,
28 0.33 0. 17 0.7.0 fl. 65 P. 49 C. 74 28 0.8367 46414. 0.7635 46934,
29 . 0.33 0, 14 0.70 0.66 0.49 C. 74 29 0.8215 46420. 0.7635 469 34,
30 0.35 0. 18 0.63 0. 66 C. 49 C. 73 30 0.834S 46409. 0.7635 469 34-
2.9865 
2.9788 
2.9024 
2.7465 
?.5791 
2.4826 
2.4283 
2.08 54 
1. 8768 
1.6672 
1.2875 
1. 1868 
I. 1867 
I . 1912 
I . I76S 
1.0234 
0.e754 
0.7681 
0.6710 
0.5669 
0.5446 
•0. 5238 
0.5171 
0.5143 
0.5100 
0 .5C62 
0.5053 
fl.5036 fi.4992 
0, 4995 
0.5012
69 34. 
2107. 
1651. 
1408. 
1239. 
109 6. 
979. 
88 5. 
831. 
792. 
762. 
744. 
716. 
699. 
677. 
657. 
632. 
610. 
591. 
579. 
565. 
549. 
536. 
526. 
51 2. 
504. 
497. 
491 • 
49 4. 
475. 
472.
AVEPAGE FILTER STANDARD DEVIATION 
CPTFC E
7071.C63.
ITERATION
3*2000 
2.9773 
2.9415 
2.9139 
2.9236 
2.3475 
2.6245 
2.2293 
1.3290 
1.5336 
I . 3531 
1.2754 
1•2535 
1.2356 
1.1315 
!» C 709 
0.9417 
0.ES9 5 
C.75S3 
C.70 35 
P.6312 
0.6739 
0.6721 
C.6715 0.6712 
C.6711 
3.6710 
f .6703 
P.673? 
0*6674 
C•6632
451 . 
351 * 
229. 
275. 
25". 
231. 
216. 
204. 
195. 193. ie2. 
177. 
173. 
169. 
165. 
161. 
1 £9. 
155. 
152, 149. 
145. 
143. 
140. 
137. 
135. 
132. 
1 38.
2.00
1.291.01
0.86
0.77 
0.01 
1.00 
1.23 
1.25
1. 18 
1.06 
0.92 
0.74 0.68 
0.62 
1 .CC
1.07
1.07 1 .Cl
TCO 
2. CO 
0.52 
0. 50 
0.49 
0.5! 
0.54 
G. S7 
0. 58 
C, 53 0. 5C 
0,49 
C.49 0. 5! 
0.54 
0. 55 
0. 54 
0.51 
P. 50 
0. 49 
0.49 
0.49 
0. 50 
0.49 
0. 49 
0.49 
fl. 49 
0. 49 
0.49 
C.49 
0.49 
0. 49
STANDAP.D DEVI fl 
CA CRTFC 
2.00 3.0000
2.9778 
P.9526 
2.9357 
2.9279 
2.0575 
0.6042
1,99 
1.57 
1.34 
1.21 1.12 
1.06 1»C1 
0.97 
P.92 
0*87 
0.33 
0.79 
0.76 
0.75 
0.75 0.77
0.780.77
0.77
0.76
2.1259 
1.7199 
1.4505 
1.29 53 
1.2)60 
1. 1928 
1 . 1818 
1 . 1326 
1.0304 0.9166 
0.8142 
C. 7 4P8 
fl. 69 66 
0.6749 
0.6674 
fl. 6656 0.66S1 
f l.6649 
fl.664? 
f l.6649 
0.6648 
C.6646 
0,6639 
0/. 662?
7071.
668.
450,
359.
307.
272.
247.
228.213.202.
193.
186.
181.
176.
172.163.
164. 
160. 157. 
1 54. 
1 51. 149. 
146. 143. 
140. 
137. 
134. 
132. 129. 
127* 
125.
3 2 4
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 52
2D
CRTFC/E 
EME
OPEN-LOOP 
PRACTICAL
ELEMENT 
nw CODE
2 STATE!S>
1 - 1 - 1  1 3
2 PARAMETER! S>
AVERAGE ACTUAL TIMES
10 11 12 13 14 15 16 
2 -1 5 2 2 3 1
1 CONTROL!S)
PROCESS "MEASURE'! ENT" 
NOISE NOISE
0.P0PO3E PO 0.2FPCCE PP 
O.OCCOOE 00 0.25C0OE CO
AVERAGE RESULTS OF 1 RUN5
0.00
0.000.00
0.00
0.00
0.00
0.00
0.00
0.000.00
0.00
0.00
o.co0.00
0.00
0.00
0.00
0.00
0.00
0.000.00
0.000.00
0.000.00
0.00
AVERAGE BIAS 
CA CRTFC 
O.CO -2.9865 
0.00 -3.0585 
0.00 -2.4054 
0.00 -2.5P45 
O.CO -2.9565 
0.CO -2.5C84 
0.00 -2 .1R7B 
P.CO -1.3692 
0.00 -1.C598 
0.0C -0.8293 
0.C6 -0.7130 
0.00 -P .6934 
0.00 -0.6904 
0.00 -0.4131 
0.PO -0.23SI 
O.CO -0.1424 
O.CO -0.1507 
O.CO -0.1492 
0.00 -0.1030 
O.CO -0.0922 
Q.CO -0.C879o.eo -o.loti 
0.00 -o.11SS 
O.CO -0.1203 
0.00 -0.1214 0.PO -0.1206 
0.00 -0,1175 
O.eO -0.1146 
0.00 -0.1109 
0.00 -0.1078
0.00 -0.1037
69 34. 
1747. 
1478. 
1328. 
1206. 
1IC7. 
1031. 
96P. 
904. 
8 62. 
8 35. 
913. 
78 5. 
765, 
750. 
736. 
721. 
71 1. 
703. 
69 5. 
686. 
675. 
663. 
655. 
64S. 636. 
629. 
620. 
613. 
605. 
600.
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION
RESULTS FROM TYPICAL RUN
CONTROLS MEASUREMENTS
ITERATION TCI T TCO CA
0 20.00 24. 19 30 ’.40
I 21.14 24. 19 20.51
2 24.39 24.24 30. 54
3 29.26 24.99 30.38
4 35.00 26.53 3e. 125 40.74 28.91 29.47
6 45.61 32.01 28.47
7 48.66 35.62 26-89
8 50.00 39.07 25.01
9 48.86 42.11 23.07*
10 45.61 44.24 21.20
11 40.74 45,09 19.8012 35.02 44*49 19.15
13 29.26' 42.66 18.92
14 24.39 40. 10 19. 10
15 21. 14 36.96 19.86
16 20.00 34.01 20.7117 21.14 31.4S 21. 66
18 24.39 29.57 22. 7919 29,26 28.91 23.79
20 3S.00 29.43 .24.48
21 35.00 31.10 24.79
22 35.00 ’ 32.71 24.81
23 35.00 33.88 24* 5224 35.00 34.60 24.09
25 35.00 35.36 23. 7S26 35.00 35.75 23.3927 35.00 36.09 22.99 ,28 35.00 36.35 22.7829 35.08 36. 57 22*54
30 35.00 36.70 22.25
PARAMETER ESTIMATES TRUE OP. NOMINAL PAPAMETEES
ITERATION CRTFC . E CRTFC E* e 3.7 500 40000. G • 7635 46934-l 3.8220 45!87. 0.7635 46934.
2 3,1719 45456. C.7635 46934.-3 3.268 3 456 26. C.7635 46934.4 3.7201 45728. C.7635 46934.
5 3.5719 45827. 0.7635 46934.6 2.9 513 45903. 0.7635 46934.
7 2.1317 45974. 0.7635 46924.8 1.8233 46030. 0.7635 46934.9 1.5928 46072. 0.7635 46934. •10 1.4765 4609.9. 0.7635 46934.1 1 1.4569 46121. 0.7635 46934.
12 1.3839 46149. C.7635 46934.13 1.1766 46169. 0.7635 46934.
14 1.0487 46184. C.7635 469 34.1 5 0*9059 46198. C.7635 46934.16 0.9142 46213. 8.7635 46924.• 17 0.9117 46223. C.7635 469 34.18 0.8715 46231. C.7625 46934.
19 0.8 557 46239. C.7635 46934.20 0.8 514 46243. 0.7635 4(924.
21* C.8 69 6 * 46259. C.7625 4C9S4.22 0.8790 46271. C.**525 46924.23 0.8839 46279. C-7625 46934.24 0.6049 46289. C.7635 46934-25 0.6841 46298. C.7635 46934-
26 C.881C 46305. C.7635 469 34.*
27 2.878 | 46314. * 0.7625 46934.
28 0.8745 46321. C.7635 46934.29 B.8713* 46329. C.7635 46934.
30 O.Q67 2 46 3 34- C.7635 469 34.
ITERATION CRTFC E CRTFC r ITERATION0 2.9365 69 34. 3.O0P0 7071, 0
1 3.0 58 5 1747. 2.6476 I 60. 1
2 2.403 4 1478. 2.4915 141. 2
3 2.5048 1328. 2.4747 129, 3
4 2-9 565 1206. 2. 3851 1 19. 4
5 2.8084 11P7. 2.0554 111. 5
6 2. 1878 1031. 1.6217 104. 6
7 1. 3682 960. 1.2351 93. 7
8 1.0 598 904. 0,9635 92. 8
9 0.8293 862. 0.8344 S3. 9
10 0.7130 835. 0.7893 84. 10
11 0.6934 813. 0.7863 32. 1 1
12 0.6204 78 5. 0.7735 80. 12
13 0.4131 765. 0.7094 73. 13
14 0.2651 750. 0. 6040 77. 14
IS 0,1424 736. 0 . 50 59 75. IS
16 0.1507 721. 0.4366 75. 16
17 0.1482 71 1. 0.3960 74. 17
IB 0.1080 703. 0.3764 73. 16
19 0.0922 69 5. 0,3706 73. • 19
20 0.0879 686. 0.3704 72. 20
21 0.1061 67 5. 0.3680 71. 21
22 0.1155 663. 0.3664 70. 22
23 0.1203 655. 0.3659 69* . S3
24 0.1214 645. 0 .36S8 68. 24
25 0.1206 636- 0.3653 67. 25
26 0.1 175 629. 0.3657 66. 26
27 0.1146 620. G.3GS5 6S. 27
28 0.1109 613. 0.3652 66- 28
• 29 0.1078 605. 0.3648 63* 29
30 0. 1037. 6eo. 0.3643 62. 30
STANDARD DEVIATION 
CA CRTFC E
3.0000 
' 2.6476 
2.491 5 
2.4747 
2.3851 
2.0554 
1 . 62 1 7 
1.2351 
0.9635 
0.8344 
0.7393 
C.78 63 
0.7735 
C.7C94 0.6040 
0 .SB59 
0.4366 
0.3? 60 
0.3764 
0.3706 
0.3704 
0.3682 
0.3664 
0.3659 
C.3659 
0.3653 
0.3657 
0 .365S 
C • 36 52 
0.3643 
0.3643
7071.
160.
141.129.
119.111.
104.
98.
92.
88.
84.
82.
88.
73. 
77. 
75. 
75.74. 
73. 
73. 
72. 
71. 
7C» 
69. 
68.
67.
68. 
65. 
64. 
63. 
62.
3 2 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A» 53
3D
CRTFC; E 
EME
OPEN-LOOP
PRACTICAL
3 STATE! 5>
1-1 12  6
2 PARAMETER!S)
8 9 10 11 12 13 14 1£ 16 
1 2 2 -1 5 2 2 3 1
1 CONTROL!5)
AVERAGE ACTUAL TIMES
STATE
WEIGHT
ESTIMATION
PROCESS "MEASUREMENT" 
NOISE NOISE
n.oroocE PO o,25rrcE cc 
P.OCeCOE ec C.252CCE CP 
P.250CCE CC
AVERAGE RESULTS OF I PINS
TCO
0.00
o.eo
B. 00 0.0C
0.00 0.00 
0.00 0.00 
0.00 0.00 
O.CC 0.00 
0.00 O.CO
0.00 0.00
0.00 0.00
0.00 O.OO 
0.00 O.OO 
0.00 0.00 
0.00 0.00 
0.00 0.00 0.00 0.00 
0.00 0.00
AVERAGE BIAS 
CA CRTFC 
0,00 -2.9365 
O.CO -2.9317 
0.00 -3.0156 
O.PP -3.1275 
P.CO -3.3746 
O.CO -3.7248 
0.00 -4.0156 
0,00 -3.9631 0.G0 -4.1235 
0.P0 -4. 1373 
0.00 -4.1444 
C.CO -4.1335 
0.00* -4. 1269 
0.00 -4.0424 
O.CO -3.9057 
O.OO -3.7770 
O.CC -3.72C0 
0.00 -3.6796 
P.00 -3.6658 
O.CO -3.6400 
O.CO -3.6360 
C.CO -3.6247 
0.00 -3.6350 
O.eo -3.6417 
P.PO -3.6425 
0.00 -3.6453 
0.00 -3.6454 
0.00 -3.6458 
0.00 -3.6427 
0.00 -3.6392 
0.00 -3.6384
6934. 
1 763. 
1491.
1340. 
1216. 
1 IP7.
1 P2P. 
943. 834. 
842. 
8 15-. 
794. 
760. 
750. 
737. 
723. 
709. 
7CP. 
691. 
68 4. 
676* 
665. 
653. 
645. 
636. 
623. 
620. 
612. 
605. 597. 
592.
ITERATION
ESTIMATION
CRTFC2.9ecs
2.9317 
3.0156 
3. 1 27 5
3. 3746 
3.7 248
4. 01 56 
3.9 681 
4. 1235 
4.1 373 
4*1444 
4.138 5 
4. 1269 
4.0 424 
3.90 57 
3.7770 
3« 72e0 
3.679 6 3.66S3 
3.6480 
3. 6 360 
3.6247 
3.6350 
3.6417 
3.6425
3.6453 
3. 6454
3.6453 
3.6427 
3.6392 
3.63B4
69 34. 
1763. 1491. 
1340. 
1216. 
1 107. 
1020. 
943. 
884. 
842. 615. 
794. 
768. 
750. 
737. 
723. 
7C9. 
700. 
691. 
684. 
676. 
665. 
653. 
64 5. 
636. 
628. 
620. 
612. 
60S. 
597. 
592.
AVERAGE FILTER STANDARD DEVIATION 
CRTFC
7071.
160.
.0000 2.6190 2.4540 2.4416 2.3497 2.C4C9 1.7033 1.4543 1.2903 1.2091 1. 1813 1. 1794 1.1682 1.11B6 1.0326 0.9346 0.8535 C * 7991 e.7713 0.7632 0.7628 0.7SS3 0*7560 0.7554 0.7553 0.7553 0.7551 0.7 543 C* 7543 0.7537 C.7529
141.
129.'
119.
I l l *
104.
97.
92.
RESULTS FROM TYPICAL RUN
CONTROLS
TCX
v 20*00
21*14 24. 39 
29*26
35.00 
40.74 
45.61 
43*86 
50*00 
45.86 
45*61 
40*74
35.00 
29*26 
24*39 
21.14 20*00 
21*14 
24.39 
29.26
35.00
35.00 
35*00 
35*00
35.00 
35* CO
35.00 
35*00 
35*00 
35*00 
35*00
24. 19 
24. 19
24.24 
24.99 
26. 53
26.91
32.01 
35-62 
39.07 
42. 11
44.24 
45.39 
44-49 
42.66 
42. 10 
36.9634.01 
31.45 
29. 57
25.91 
29.43 
31* FC 
33.71 
33*38 
34.80 
35.36 
35.75 
36.09 
36.35 
36*57 
36.7e
MEASUREMENTS 
TCO 
2C.68 
20.65 
21*15 
24.14 
28.32 
33.43
33.59 
42.06
46.60
CA
43.
43.02 
45.61 
41*39 
26*45 
31*46 
26.56 23.39 
21.90 
22.08 
24.9 3 
28 * B3 
33. SC 
34.49
34.76
34.76 
34.53 
34.31 
34.94 
35-13 
35.22 
35.13
20.4930.5130*5430*38
30.1229.4728*4726.8925*01 .23*0721.2019*8019* 15
18*9219.1019*8620*7121*6622.79 23*79 
24.4524.79 24.81 24*52 24*09 23* 75 23*33 22*99 . 22*78 22*54 22*25
PAFAMETEP. estimates TRUE OF NOMINAL PARAMETERSITERATION CRTFC E CrTFC E0 3.7 522 40030. 0.7635 469 34.1 3.69 52 45171. 0.7635 469 34.2 3.7791 45m43* 0.7635 46934.•3 3.89ie 45594. 0.7635 46934.4 4. 1 23 1 45718. C-763S 46934*5 4.4833 45327. 0.7635 46934*6 4.7792 459 I 4. 0.7635 46934*7 4.7 316 4 59*91 - 0.7635 469 34*8 4.8370 460 50. C.7635 469 34.9 4.9008 46092* 0.7635 46934*10 4*9030 46119. 0.7635 46934*.1 1 4.9 020 46140. 0.7635 46934*12 4. 3904 46166* C.7635 469 34*13 4.SCS9 46184* 0.7635 46934*14 4. 169 2 46197. 0.7635 46934*1 5 4.5425 46211. 0,7635 469 34.16 4.4335 46225* 0.7635 46934*17 4.4431 46234. 0.7635 44934.ie 4.42V4 462.43* C.7635 469 34 *19 4. 41 15 4C25C. C.7635 46934*28 4.399 5 462SB. C.7635 469 34*21 4. 3352* 46-269. 0.7635 469 34.22 4.3955 46281 * . 0.7635 469 3 4*23 4*',*53 46289. 0.7635 46934.24 4.4060 46298. 0.7635 46934*2S 4. 4038 46326. 0*7635 469 34..26 4.4K89 46314. 0.7635 46934*27 4.4293 46322. C.7635 46934*23 4.4062 46329. 0.7635 46934.29 4*4027 46337* 0.7635 46934*20 4.4C19 46342. 0.7635 46934.*
STAN DAP. D DEVIATIONITERATION T TCO CA CRTFC E
c 3* CROC 7071 .1 2 .6190 160.2 2.4540 141.
3 2 .4416 129..
4 2 .3497 1 19*
5 2.C409 1 II*6 1.7033 104*
7 J.4543 9 7.8 1.2«03 92*
9 1.2P91 87.10 1. 1813 84.1 1 1. 1794 81.12 1. 1682 •79.13 1* 1 185 73.14 1.0326 76.15 0.9346 75,
16 0.8535 75.17 C.7991 74.
16 0.7713 73.19 0.7632 72.20 0.7628 72.21 0.7S83 71.22 0.7560 ‘ 70.23 0.7554 69.24 0.7553 68.25 0.7553 67.26 0. 7551 66.27 C. 7543 65.23 0.7543 64.29 0.7537 63.
3 2 6
MODEL: 2D
PARAMETERS:
ESTIMATOR:
CONTROLLER: GLC
REMARKS: PRACTICAL
TABLE A * 54
MODEL: 2D
PARAMETERS:
ESTIMATOR:
CONTROLLER: PP+LC
REMARKS: PRACTICAL
TABLE A * 55
2 STATE! S> C PARAMETER!S> I CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL
ELEMENTS HEIGHT WEIGHT1 C.ieOOSE OI
2 e.iP.CP.PE ei
DESIRED CONCENTRATION* GM9I
process measurement
NOISE JOISEP.4GPCKE OI 
P.4CGBSE *1
ELE.IE.VT 1 2 2 4 5 6 7 8 9 1<* 11 12 12 14 15 16
P.ITM CODE 1 I I - 1- 1 I 3- 1 2 l - I  3 J I I I
C PARAMETER! s> I CONTROL! «
AVERAGE ACTUAL TIMES C.0C 2-54
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
ELEMENTS -'EIGHT WEIGHT NOISE '101 SFi D.iECccs ci c.ceeecE ee r.errors et£ B.IGCeCE 01 C.4CCKFE Ft
DESIRED CON CEITHA71CN** 22-5C GM0L/M3
5ESULTS ETON TYPICAL HN
52.C2 
29. 55 
3S.CC 5C.CC 
33-34
2?! 69
2C.S2 sr.es 
34. r 3
3C.23
34.21 33.9? 
41.PS 
36.62 
26.78 
■37.08 
33. 59 
34.42 
33.66
33.45 
33* T9 
35.91
40.99 
41.7?
34.89 
4?. CP
37.13 
37. 54 
35. 54 
4C.64
35.89 
37.65 
39.8333.21 
37. 37 
39.8?
36.46
34.99 
39.85
31 .56 
3fa34 
£9.93 
2* • 93 
??. 3? 
Pf.09
22. ?3
23. 16 
19.72 
19.47 
19.36 
?C. 69 
21.66 
19.85 
21 .77 
21.95 
23.87' 
?4 • 93 22.23 
PI .96 
P0.31 20.01 
21 .75
24. 16
25. 4?
1 7. 79 
19*. 71 
20. 10 ^3.np 
PP.3 6 
1 7’. 64
24.33 
29. 43 
3 5.36 
39.63
33.90 
36.57 
37. 30 
33.25 
37.69
36. 78 
39.24
33.90 
38.03 
48. 48 
40. 44 
36.37 
34.49
37. 43 
36.01
36. 31 
26.83 
37.86 
35.79
37. 56 
37.36
35. 1036.91 
28.08
36. 53 
36.78 
39.93
CA
30.20 
29.8? 
?3. 12 
??. 76 
24.03 
23.24 
2?.99 
22.05 
2?. 15
22.21 
21 . 71 
21 .43 21 . 63 
21 • 20
20. 73 
Pl • 28 
2! .73 ?! .86
21.96 
• Pl.90
PP.04 
P I.71 
Pt .96
21.97 21*71 
£1.97
21, 69 
21.80 
P I.75 
P1.37 
21 .20
RESULTS FROM TYPICAL RUM
27..??.sc. re
20.07 
42.23 
35. 37 5c.ce 
so.rc
39. 4t 
35. 33 
31. I 5 
SO. CO
20.08 
50.80 
31.83 
39.6S 
20.00
20.53 
30.63 
34.5? 
39 . 22 
39.78 
36.37
33.93 
33.18 
39.10
33.23
37.23
35. 56 
33- 13 
37. i 5 
39. 19 
41.76
34.93 
42*14 *
36. 57
37. 1 5 
35.41
42.49
37.49 
36.91 
39.36 
34.59 
39.87 
38.8 3 
38.66 
36.3 5 
35.65
31 .56 
PO .9 6 
PO • 64 
26.63 
23.05 
26.04 
21 .71 
2? .3? 
t9. 29
19. 10 
19.55
20. 78 21.63. 
19.66 
21 . 59 
?1 .54 
23.33 
24.50 21 -88 21 .84 
20.5? 
22.24 
20.07 
2 3..3? 
24.82 
IT. 08 
19.00 
19. 16 ??.0T 
P.WF0 
16.76
24* 37 
29.53 
35.66 
39.93 37.48 
36.31 
39.45
33. 55 
33.21 
35.62
37.06 36.01 
38. 16
41.64
33.64
36.91
34. 68 
26.96
35. 44
35.92 
36.7039.7 1 
37.39 
36.33 
37. 35
36. 48 
39.41
37.C9 38.73
30.64 
38.7?
CA 
30.23 
29.44 
27.83 
25.41 
23.76 
23. 19 
PP. 47 
P I.71 
21. 71 
21.64 
21.40 21.58 
21 . 65 
21.01 
20.60 
20.68 
PI. 28 
PI .43 
° I .  61 
01,78 
01. 75 
21.34 
2I.08 
?l . 14 
Pl. 11 
21.26 
20.97 
20.85 
PO. 77 
?r. 5? 
20.32
3 2
TABLE A * 56
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
PP+GLC 
PRACTICAL
TABLE A» 57
MODEL: *
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D'
GLC
PRACTICAL
ELEMENT | £ 3 4 5 6 7 8 9 10 1) 12 13 14 15 16
P.UiJ CODE 1 1 1 - 1 - 1  1 3- 1 2 . 1- 1 4 1 | J l
£ STATE!S> C PARAMETER!S> i connoLcs>
AVERAGE ACTUAL TIMES
ESTIMATION CONTROL 
e-.ce- 3.e6
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT WEIGHT
1 C*) P0C3E 6)2 C.ieC-CCEOl
DESIPEC CONCENTRATION® 22.50 DMOL/M3
PROCESS MEASUREMENT 
NOISE ' NOISE
P.4RG2PE 81 
0.48P8CE 01
ELEMENT I 2 3 4 5 6 7 8 9 I f  11 12 13 14 fe u
CODE 1 1 -1 - I 2 6 -1  2 1 l\ '% *? l f
3 STATE! S> 3 T*AnAMETE°< 5) 1 CONTTOLCS)
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT V EIGHT1 0.1C080E 01
2 e.OZCSSE 28
3 0 .10C00E 8|
DESIRED CONCENTRATION- 22.50 GM0L/M3
PROCESS M EA SVPEM ENT
NOISE .'101 SE
p.4ft?sns ?t 0.4Cc?eE ei 0.4CCO0E 01
RESULTS FROM TYPICAL RESULTS
CONTROLS MEASUREMENTS CONTROLSITERATION TCI T TCO CA ixeration TCIft 5E.CP 20.70 3P. 49 0 5C.O01 57. ft? 32,63 30.74 1 5o.ro
£ SC.CC 34.65 30,09 2 44.3 53 £7. re 39, 22 27. 33 3 34.7P4 2?. 43 39.91 23. 78 4 33. 3S5 50.2.0 25.91 26,89 S 31.31
6 23. ?2 33.42 22.34 6 5C.E0
7 5ft • CC 36*46 23.98 7 31.345 22.CC 39. 10 27.27 8 50.00
9 ■ 5ft.CC 34.C6 19-69 9 20.00
1/ 31.70 37. BP ??■ • 33 10 P0.0O
11 36. 13 23.28 21 .27 1 1 4B.9012 52.C0 33. 13 21*66 18 42.84
13 36. 54 36.34 19.93 . *3 35.0714 2C.2C 41.9? PI. 87 14 27. 00
1 5 sc.rc 42. fR 21 . 66 15 50.00
16 5" .20 34. 41 23.67 16 20.00
17 * 22.CC 41.80 25.73 17 50.00
12 M .44 36.43 PP. 33 18 £6.60
19 £9.92 36.76 PP.3P 19 37.97 *
2C SC. /ft 34. 46 PI . 15 20 39.20
EI f-2.22 41.42 * PI. Iff 21 50.00
£2 43.67 36.95 21.63 22 20. PC
£2 37.79 37.04 24.28 23 50.00
£4 £7. 32 25. 36 24 42.03
£5. 5C.CC 34.93 17,23 25 30.28•Sf 2e.se 39.32 19.. 36 26 28.26
27 57.22 39. 9? 19 . 59 • 27 26.98f V 23.42 » 38.93 rp./,4 28 50.00
£9 37.59 •37.26 21.07 29 31.62
2ft • cc.ce 38.43 1 7, 37 30 36.32
STATE ESTIMATES Tplr?K STATES STATE ESTIMATES .
ITERATION T TCO CA T TCO CA ITERATION T TCO CA
0 24. c5 31. PI 0
1 29.83 30.CP- I2 35.79 23.P7 2
3 39.93 Pf.U 3
4 37.62 24. 50 4« 45.75 24, 74 5
6 T9. 9 a 23. 10 6
7 36.83 PP. 77 7
8 38. PI 2P.49 8
9 36.44 PP. PP 9
1? 30. 33 PP.P3 10
11 30.72 21.'30 11
12 33. 16 21-63 12
13 42.83 P1.P8 13
14 41.25 P2.at 14
1 s 37.65 PP. 79 15
16 34.71 P1. 53 16
17 36.61 PI .96 17
13 35.36 PP.P6 18
19 3*^ . *3 ' PP.P6 19
£2 35.75 PP. 33 SB-
£1 a?.64 2P.22- 21te. 36. 74 PU84 22
£3 36.96 21.97 23£4 38.25 Pi. 66 24
25 36.87 21 .P? 25£6 39.37 21,34 26£7 37. 17 21,28 27£5 28.or PI. 14 28
£9 38.95 PP.89 29
3P 38.51 PC. 86 30
MEASl-^ E-trJ^S 
T TC3 CA
sr*€c ? i . 2 A a i.? r0.4ft ftl .
34.4? 4®.46 ftl . 4”
ft?.7? .jft.r? r?.?i
33.74 ft?.7? 24.ftl39.44 35.25 21.11
34.9ft ??.7| sr.51
37.17 45.f l  "1./®
за.5? ftft.7 7 l? .A*39.47 47.45 r?.(1
44.27 29.45 21.64
37.14 ’ ft?,72 24.79
35.93 38,14 2ft.67
37.23 *7.71 Pl.ftf
47.93 35. 13 27 • cft
35.53 24.22 74.S?
35.95 45.5?. 22.34
32.22 25.51 ?r.*4
3®.T3 ‘ 4ft.4" 2 " .'ft
38.94 79.23 *3,55
37.**3 37.27 2". ft7
35.4ft ftf.44 27.97 
39.97 • 45.46 23.92ftf.7f 22.67 f t* .I*
34.33 45.33 19.13
39,72 47,71 19.53
41.17 34.(7 27,77
41.4ft C?.SI 14.57
33.63 24. ft? TU56
37.26 41.92 27.43
33.64 35*4? 23.37
T“'T STATE?
T TC? 2A 
24.2? 22.42 31.17
29.29 43.?4 32.13
34,71 46.95 ft?.'T
33.23 4?.93 26.5?
53.Cl 36.15 24.6?
37.®l 33.?5 27.66
36*83 31.96 2ft.?7
34.co 45.75 2ft.®1
39.It 33.66 * ft".?7 
47.4ft 46.67 21.74
23.77 ftS.ftft 21.34 
34*5? ftP.CC ? I . r.c 
34.42 37.5? 2ft.54
36.74 /jft.a? ftr.67 
37.69 35.95 ft?. 5ft
35.31 23.63 ?2.5?
36.45 44.92 C2.34
35.96 24.75 2ft. *»*
зб.®3 44.51 2ft. 55
37,?? ft?.71 Cft.77
36.66 f t '.54 ft?» 6? 37.5? ft®.76 22.55
42.13 47.71 ft?.ftft38.64 25.21 21.74
33.64 44.54 2I.®4
47.33 Al**5 21-45
39.67 33-?C ftft.®?
37.35 29.57 ?!. 34
35.31 23.14 21.96
37.rr 45.17 22.3?38.16 33.62 22.PS
3 2 8
MODEL: 3D
PARAMETERS:
ESTIMATOR:
CONTROLLER: PP+LC
REMARKS: PRACTICAL
TABLE A* 58
MODEL: 3D
PARAMETERS:
ESTIMATOR:
CON TRO LL ER: PP+GLC
REMARKS: PRACTICAL
TABLE A* 59
nLi:truT 1 C 3 4 5Hl'iM CODE 1 | 1-1-1 8 9 10 n IT 13 14 If 16 ‘1 2 1-1  3 1  | 1 j
3 STATUS) 1 CONTPTL(S)
FST1NATION 0.00AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROLEL EM ENTS WE I All T *tt.I GH T1 o.trrrn? ?\ o.cnocrE or2 c.onoons rn3 o.inoone oi
DESIRED CONCENTRATION3 22.50 GMQL/M3
PROCESS NFAFtTFMFMT NOISE *101 SE0*4«Cl""F 01 r./irrr-f*F ni 
a.ftorrnF. ri
I 1 1-1-1 26- 1
l COMTrtlLC S)
AVERAGE ACTUAL TIMES
DIAGONAL STATEELE1ENTS VEIOKT1 o.iroros ei2 O.RCCCOE COa n.iocroE oi
DESIRED CON CO TFAT1 ON «
ESTIMATION 4.45 .
process measurementNOISE 101SEn.tnrTFE PI r.AppprE oi fl.4nr.Rr-E ei
.50 GM0L/M3
PESULTS FROM TYPICAL
ITERATION CONTROLSTCIsr.re
£2 .CO 42.33 27.42
EP.C2
41.2-429.3522. SI
sc.ro35.55 39. 57so. rn 
sr.rc42.645Z.CZ
Ec.ce 
sr .re 20.03
2fl. 93 3fl. 6435.36 39 . 4737.37 28.66 34.73 37.47 34. 49 4 C. 16 43.64 37.01 36.46 37. 3A 40. 19 3r.*6 4".7? 32.61 40.36 23. 12 36. ?135.20 
4r • 1 5 35.99 33. 1®33.6639.67DC. 2$
32.20 36.66 
41.04
"1
M EASUPEM EJITS TCO
21.91 
44.8?
43. 63
47.63
24. ca
40.79
27.63 
46. 5)
32.33
43.35 2?. 57 
27.72 
39.46 
37. 5632.80 
28.76 
eC* 63
24.91
44. 74 
2? . 39 
33. *3
37.35 
43. 64 
21 .93 
4’ . 60 
46.40 
26.43 
32.71 
19.31 
42.66
49.33
CA 31 .80 32- 13 3ft. 56 PB • 69 23.9e 21.17 22. 53 21.6117.46 22.36 21.55 24. 74 23.31 20.9322.P7 24. 46 PP. 1 5 19. 65 21 .66 22.69 21.83 *7.3623. 13 23.64 
18 * K6 13. 14 28, 52
13.4721. 31 19. 6**22. 79
THUS STATES
39. 7537.43 37. 13 36.66 3c. 9039.32 41. 0335. 34 34.45 34.83 36.87 36.9635.44 33.2536. 35 33 . I 6 36.43-35.3337. 3040. 44 37.86 37.43 4F« 7838. 16 36. 13 33-88 36. 40 4fl. 57
tO 
20. 35 4 5.66 47. 13 47, 31 24.56 39. 53 29.8? 4 6.64 33. R 7 47.49 24.42
33.90 28. 54 33.6223. 37 46.6424. 14 46. 1 5 24.37 26.86 33.9 5 47.4?24.47 29.8 1 47.6724.4732.47 23. 11 45.93 4B-.02
CA 31. 10 30.45 28. 36 ?*.9724.33 2 3. 73 23.21 PP. 54 22. 05 21.51 21.26 21.80 22. 13 22.27 22.(17 22.41 22. 14 21.75 21.8321.34 22.08 
22.01 21.65 21.23 21 .37 21.0620. 74 21.1421. 71 21. 52 
21.48
RESULTS FROM TYPICAL PUN
CONTROLS MEASUREMENTSTEF-AT10M TCI T TCO CAZ 5C.2C 20.98 22. 10 31.60\ 50.ce 30.47 43.66 31 .94
2 ec. re 35.32 48.68 30.78
3 20.CO 39.47 47.77 28.92
4 . 39.65* 37.45 24.0 3 23.96
5 34.41 37.84 33.2P 21.436 43.53 35.11 32.78 22. 72
7 37. SC 36.65 40.35 21.91
5 5r.ro 34. 53 37.99 17.80
9 2C .20 40 . 50 45.21 22.44
10 * £C*f C 43.35 25.66 21 .75
11 41.96 37. 14 27.76 24.86
il­ 3c. 31 36.29 39.05 23. 55ia 33.41 36.93 35.93 21 .27
14 2(1.02 40. 37 36.63 22.62
15 5 C.CO 35.14 23.97 24.71
I t 2C.C0 39.60 49.65 20. 78
17 EC . C C 31.9? 25.05* PO. 54
16 22. CO 39.97 44.51 22.44
19 39,0 5 • 37.86 22.84 23.34
20 42,87 35. (9 33.04 22.46
£1 5c.ce 35.37 40.06 27.82
2 q sc.ro 40.28 49.81 23.66
£3 5c.ro 36.2 5 22.C2 24. 16
24 sr. co 34. 1 1 45.77 18.85£5 co.rc . 39.66 47.16 18.39zt m 31.74 40 . 48 26.6? 20. 76
L-7 sc.ro 40.4? 31 .20 t R • 67
£3 M .rc 32.20 19.31 21.55
£9 3c. 0 3 36.70 42.44 20.47
3C 31 * £9 38.85 39.08 23*37
STATE ESTIMATES TPUE STATES
17STATION T TCO CA T TCO CA24.37 20. 54 31 . 10
1 29. 52 44.49 30.26
2 . 35. 57 47. 18 28. 53
3 39.7 5 47.40 26. 19
4 37. 52 24.51 24.43
5 36.31 37.rn 2 3.98
6 37.0 4 35*03 23-41
7 38 . P3 40*98 22.83
3 39,07 37.68 22.39
9 41.-43 47.35 21 . 59
1C 39. 55 24, fl 21.4611 34. 55 23.27 21 .9112 34.71 38. 49 22. 421 3 36. 44 36.9 0 22. 63
14 37. 13 37.4 5 22. 62I £ 34.93 2.3. 58 *2.6616 37. 13 4 5.66 22.77
17 35.66 S4.*8 22.64Is 37.7B 4C.93 22. 61
19 36. 14 24. 33 22. 49zz 35* 3k 36.31 22.712 1 37.49 41 ,66 22. 4740. 57 47.67 22. IB
f.3 39. 12 24.56 21.7438. 4? 44 .99 21. 66
- t 41.98 49*42 21.31
I t 33.98 ?4.65 PP.97
£7 36.35 32.9 5 £1. 34£3 33.80 23. 1 I 21.95
£9 36.44 45.70 22.3420 33. 30 37.2? 22.*6
3 2 9
TABLE A. 60
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
GLC
PRACTICAL
EL Ei I EXT 1 2  3 * 5
RWI COPE t 1 I -1 -J 0 I? II 13 13 |*  |5 If
2 STATE? S> 0 PAP-AHETEGI 5> 1 GOHTPOLtSJ
ESTIMATION CO.'ITPOLAVEPAGE AGTl’AL TIMES
DIAGONAL STATE CON TF-OL
ELEHEXTS L*EI GMT '.'EIGHT
1 S.IBCSCE OI2 O.IDCaBE 01
DESI RED COM CEITKATI ON3 22. 50 GM0L/M3
•MEASU'E'IEMT .'101SE
TABLE A.62
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
PP+GLC
PRACTICAL
1 - l  -1 i 3
E PARA'iFTE"CS> I C0IT"0LCS>
AVERAGE ACTUAL TItiES 0
DIAGONAL STATE CO NT"'
ELEMENT5 "EIGHT WEIGHT1 c.irrrrt 012 o.trccrF <m
DESITED COM CLMTPATlON * 22-50 GM0L/M3
PROCESS
NOISE
MFAFtmEMENT
NOISE
SSULTP FVOH TYPICAL UN
ITERATION
NFA"l’"riD*
fC.OT39,74
37.76
32.26 
36. 50 
3fa73
34.7 I 
33.42 
36.5036.09 
36.3 3 
3 S. 48 
35.4? 
33.70
35. 57
37.48 
36.01
33.26
36. 06 
33. 19
35.48
37. P9
36.07 
34.82
37.09
36.48 
36.21 
37. 53
32.63
33.64
37.4f. 
34 . 4R
37.64
37.6937.44
37.99
37.43
37.69 
38. CS 
30. P4 
33. I? 
37.56 
37. 52 
37. ?6
37.65 
37.95
37.43 
37.30 
37. 17 
36.91 
37. 35 
37.73 
37.62
37.65 
3S.P4 
33.C4 
38.21 
37.82
23.“4
22.33
22.rr
21.74 
PI . 63 
21 .43 
21 .37 
PI. 14
21.23 
21 .PP21. rs ? l. pr. 
21 .31 
2 i.tr  
21.F3
21.34 
21 .37 21.46 
21 .55 
21.49
21.40
21.34
21.40 
21 .28
21.23
21.23
TABLE A. 61
MODEL: 
PARAMETERS: 
ESTIMATOR: 
CONTROLLER: 
REMARKS:.
2D
PP+LC 
PRACTICAL
PESULTS FROM TYPICAL HUM
CONTROLS 
- TCI 
5C.C0 
5C.CG 
5z.ce 
2O.C0 4e.4t
36. 2C 
36.48 
33.72
40.99
31.31 
34.65
• 36.72 
37.9 6 
34.26
36.89
34.99 
36.94
35.32 
31.93
38.36
36.62 
36.92
32.89 
38.39 
35.88
37. 52 
32.20 
36.25
33.63
36.36 
35. 15
:iEAFU"E*ir: 
T TCO
24.33
29.83 
35.62
39.83 
37.52 
36.9! 
37.65
37.69 
3T. 52 
38.21
37.82 
37.17
37.35 
37.86
37.82
37.69 
37.73 
3T*7B 
37.96 
37.09 
37.43 
37.-6 
37.95 
37. 52
37.69 
37.99 
38.04 
37. 5* 
27.26
37.36 
38.25
CA
3C.35
26-C6
PC-75
25-9224.34
23.73
22.75 
22.4! 
22.27
2?-re22.Ut
21.75 
21.55
21.77 
21.33 • 
21.93 
21.72
21.77 
2 t .75 
21-95 
21-63 
2U74 
21.62 
21.57 
21.4?
21.74 
21-6C 
-1.72 
?t-52 
21.63
TABLE A * 63
MODEL: 
PARAMETERS: 
ESTIMATOR: 
CONTROLLER: 
REMARK S:
3D
GLC
PRACTICAL
51.1*1* IT 1 P 3 4 * 7 li •> 1J\ I) IP I? 1«» !*• 1*
UN CJi'L 1 1 I - I -1 1 r. 1 " I - I  3 I 1 1 J
P STATU! D •* RA"A irTF"C 1 00 J-" V.< «*"
DIAGONAL TTATE f*7l*"1L n*'T(’yr;f '(PAr:T'T'F:Ir !T
CLL'IHTJ '.TIGHT I HfiHT '101 SF .i'll PF
i r.im 'ps pi p.riTiTE css c. iccniE r.i
DESIfED C.llCL-ItrATIO.I- PS.SC. GM0L/H3
ELEMENT I 2 3 4 5 6 7 8 9 10 1112 13 14 15 16
RUN CODE 2 1 I -1 - I  . 2 6 1 2 1-1 0 I I 1 1
3 STATE!£) PARAMETER! S) 1 CONTROL! JD
ESTI IATION CONTROL 
0.C8 ‘ 7. 18AVERAGE ACTUAL TIMES
DI AGO 1AL STATE COfTROL
ELEMENTS VLIOHT MF.IGRT
1 e.mu:«»r. ni
2 C. RCXr.lfF. 88
3 K.UJ0P8E 01
DF.3IPED CO.ICE.ITTATIO l» 22.511 G10L/M3
RESULTS FROM TYPICAL PUN TESl’LTS FrOM TYPtCAL RUN
CONTROLS 
ITERATION TCI0 .* se.ec
1 50.DC‘ 2 . se.cz
3 20.CC
4 37.66
5 39.41
6 35.84
7 35. 55
8 34.32
9 34.74
IC 35.16
11 36.23
12 39.C 7
13 31.92
14 36.8 3
15 32.89
16 35.46
17 34.87
18 37.66
19 35.67
20 35.98
21 34.32
22 33.73
23 33.63
24 33.53
34.22 
38.73 
32.47 
33.8 2 
32.35 
36. 26
MEASUREMENT?
T TCO CA 
24.41 38.3?
29.70 29.49
35.49 . 27.84
39.67 25.43
37.30 24.70
36.43 23. Pl
37.60 22.64
37.99 2P.17
37.32 21.39
37.56 31.66
37.?6 21.6?
37.17 91.49
37.35 S»l.c?
37.99 P i.37
37.56 21.46
37.43 21.2?
37.17 21.50
P6.9J 21.<9
37. ?4 21.4?
37.35 21.<4
37.66 21.34
33.01 21.4 7.
33.? 4 ? I.‘26
37.43 ?1.20
36.91 Pl.46
37.5? 7J./Q
37 . e? “1.4?
27.86 P I.74
17.'? r-l.24
37.8? 4J.3/4
37.48 . 21.27
CONTROL5 
TCI 
MU 00 50.00 *0.00
27.81 
30.53 
39.7 3 
34.3335. 42 
37.80
36. 59 
30.6 1 39.23 
36. 18 
36.96 
32.89 
36.47 
33.38 
37.93 
36.83
35.70
36.92 
36.40
32.82 
38.44 
36.49 
31.63
40.02
31.02
39.71 
34.29
38.93
MEASUREMENT*1 
T TCO CA 24.19 20.44 30.72PS • V. 43.7» 30.0-*3 4 • 7 ^  46,69 2*1. 4"139.02 47.IT PO. 2^39.07 31,37 24.0f>36.96 31.04 23.3937. 35 35,4 "c "2,7437.43 34.67 22,5837.26 3**45 22.3e37.60 37.61 22.2937.95 36.36 pr.*n*37.22 32.12 Pl.o*37.13 37,77 22.0137,4? 36*54 21.9737.78 3r.11 mo*37.5? 33.75 ?!•?*37.17 35,86 21.4537.13 34.03 21.9837.17 37.20 22.0437.73 37.09 21,7737.73 35.77 21.7737.69 36.31 21.7237.95 36.63 21.5737.41 33.41 21,6037.61 37.4? ?l.*737.99 36*81 21.5137.22 32.33 ?1.<437. 56 38.11 "1.5737.17 22.33 21.5437,5? 31.61 21.6037. 52 34.44 31 .60
330
TABLE A* 64
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D
PP + LC 
PRACTICAL
element
RUN CODE
1 a 3 .4  S 4 7 
e i l - i - i ,  a o
J* PARAMETER! S>
6 9 10 11 ta 13 1* IS 161 2 1 - 1 3 1 1 1 1
1 CONTROL!5)
AVERAGE ACTUAL TIMES
ESTIMATIONO.CO
CONTROL 
A. 69
DIAGONAL STATE CONTROL PROCESS
ELEMENTS HEIGHT HEIGHT NOISE
i o*icocoe oi e.ocoeoE oot B#0B000E 00
3 0.1OOGBE 01
DESIRED CONCENTRATION* 22.SO GM0L/M3
'"MEASUREMENT"
NOISE
TADL E A. 66
MO DEL: 
PARAMETERS: 
ESTIMATOR: 
CONTROLLER: 
REMARKS:
ELEMENT ■ I 2 
PUN CODE C l
average actual tints
Dt AGO 1 AL r.TATT CONTROL
ELEMENTS WF11HT
1 3 .1C77CE CJ
2 3. 7.0ZKRF .CP3 B.KUVaCE 81
DESIPr.D CO.JCi:iTl-ATlO.I* 22. 50 G.+1L/M3
3D
• ANALOG 1 CONTROL 
PRACTICAL
4 5 6 7 5 9 10 || |2 13 14 16 16- 1 - 1 2 6 1 2 1 - 1 ( 1  1 1 1
"A"A IF*E"!S> 8 CONTROL!S> .
F.r.TMATlo:! CONSOL
RESULTS FROM TYPICAL RUM
CONTROLS 
TCI 50.ee 50.ee 
50.00 20. oe 
4t.ee 
37.81 
36. 56 
33.85 
36.37 
36.91 
36. 60 
36.73 
35.26 
32*02 
37.62 
37.76 
36.64 
32. 3B 
36.44 38.93 
36. 57
34.25 
37.13 
35.58 
36.9035.66
33.26
36.66 
38. 12 
38.57 
34.98
MEASUREMENTS 
T TCO CA 
24.19 20.44 31.09
29.43 44.49 30.70
35.53 47.09 28.53
39.63 47.21 26.42
37.26 24.14 24.61
36.83 39.IB 23.37
37.95 37.45 23.12
38.06 36.59 22.63
37.65 34.12 22.29
37.39 36-13 22.13
37.69 36.59 22.27
37.86 26.45 22.03
37.91 36.4P 21.91
37.82 35.48 21.60
36.87 32.33 21.36
37.29 37.04 21,31
37.65 37.22 21.38
37.95 36.4* P I.69
37.38 "".97 21.7836.96 35.31 21.34
37.65 38.12 21.3®
33.12 3A.63 21.68
37.69 34.35 21.60
37.*6 36.*4 21.43
37.69 3*.77 . 21.*437.60 36.27 21.49
37.73 36.9* 21,66
37,17 32,48 21.66
37.0.0 36.13 21 .73
37.09 33.95 21.89
37.26 37,04 2.1.8 6
RESULTS FROM TYPICAL "UM
CONTROLS 
TCI 
20. CO 
50.CO 
. 50,00
5e. oe 
sc.ee 20.00 20.00 20.00 
se.eo
39.41 
49.77 
39.31 
22.99
25.80
34.80 
41. 12
36.7 I 
33.45
21.24
32.41 
36. 42
36.24 
31.05 
32. II
34.44
35.07 
35. 15
32.44 
37.34 32,20 
22.75
MEA?U"rtriTS 
T TCO CA
24.37 20.4? 3A.6529.43 44.36 3C.S?35.44 47.22 28.1439.54 47.22 25.8642.49 43.16 73.4943. 52 37.86 21-5238.55 23.21 2t.C634. 58 22.22 21.6131.7* 21.30 22.3431.62 33.93 23.2335.33 45.75 23.1733.9? .4P.ll 22.6837.69 28.9® 2.7.1535.01 25.26 22.3334.10 31.33 22.6435. 53 37.13 22.7936.83 36.63 ?p.6036.70. 33.62 32.4335.92 31.13 P7.C334.30 32.77 2°.* 135.27 3*.36 22.6236.43 37.00 *2.*736.57 34.33 20.393*.49 29.66 32.4736.93 31.C4 22.57
35.69 3*.03 22,5636.01 37.30 2®.**35.66 32.01 "2.4735.57 33.44 22.47
26.44 2". 47
3 r•0 0 31.78 22,* I
TABLE A*65 TABLE A. 67
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D
PP+GLC
PRACTICAL
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D-
•ANALOG’ CONTROL 
PRACTICAL
LE1ENT 
■UN CODE
S 6 8
iVEPARE ACTUAL TIMES
>1 AGONAL STATF.LEM ENTS Vr.lC.JIT
I 0. I0C0OE 01p 0.0 roc or. 003 r . I lUUT.l . 01
>1.51 r.ED COM ClMTPATl ON®
1 - 1 - 1 2 6 1 2 1 - 1 4 1 1 1 1
2 PARAMETER!S> 1 CONTROL!S)
ESTIMATION CONTROL
6.52
CONTROL 
WFI CUT
":iEAr!»«nF.JT"
NOISE
3 4 5 6 7 8 
I -1 -1 2 6 1
1 1 CONTROL! S>
ESTIMATION CONTROL
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT VEIGHT
1 0.IOCC0E et
2 0.00CC0E 00
3 0.103C0E Cl
DESIF.ED CONCENTRATION* 2S.C0 GM0L/M3
ITERATION
CONTROLS
TCI
RESULTS FROM TYPICAL RUN
MEASUREMENTS 
T . TCO CA ITERATION
CONTROLS
TCI
0 50.00 24.06 20.4P 31.13 0 53.00
I sc.ec 29.43 44. 72 30.51 1 20.002 50.00 35. 53 46.H6 28. 54 2 20.00
3 20.00 39.67 47.49 26. 10 3 23.004 43.78 37. 17 24.ns 24.43 4 20.CO
5 37.25 36.83 40.67 23.75 5 20*006 33.26 37.99 37.59 23.17 6 se.ee
7 40.88 37.69 34.07 22,49 7 20.00
8 33. 12 37.95 39.08 22.43 8 •33.66
9 36.66 38.04 34.21 22.23 9 53.00
10 35. I 1 37.86 37. 59 22. 12 10 33-36 *
11 32.58 38.04 35.58 21.36 1 1 20.00
12 30.04 37.26 32.83 21.95 12 20-00
13 36. 38 37.17 36.90 22.06 13 25. *5
14 35.83 37.69 36.54 21.97 14 36.92
1 S 32.71 37.69 35.63 22.03 15 39.14
16 40.41 37.09 33. 11 21.89 16 28.49
17 34.26 37,43 33 . 63 22.03 17 C 4 * 0 6
18 . 36.03 37.82 34,3 5 21.89 13 29.23
19 33.38 37.43 36.04 21.95 19 29. 47
20 33.78 37.82 37.63 P1. 77 20 31.92
21 38.93 37.78 34. S3 21.94 21 31-34
22 33.85 37.7? 37.31 21.83 22 31.C623 34.27 37. 3P 34,49 21.74 . . 23 3?«. 49
24 38.67 37.13 33.93 22.04 24 31*8325 32.97 37. 6C 30.09 21.56 25 26.50
26 37.7 6 37.26 33.36 21 .95 26 28.6327 36.27 37.43 37,31 P I.92 E7 "8*6928 * 34.95 37.69 36. 13 PP.06 08 33. I 5
29 37.52 37. *2 34,90 21.95 29 30.48
30 36.23 37.52 36,72 22.03 32 31. 17
RESULTS FROM TYPICAL PUN
MEASUREMENTS 
T TCO CA 
SC.il 49.80 16-3944.75 pe.ee 17.24 
35.98 23.16 18.25
34.93 22.69 19.6232.14 22.27 20,95
3P.C5 21.47 22.27
28.51 21.52 23.52*
27.46 21.3B 24.8P
27.77 30.77 25.55
32.BR . 45*30 25.59
36.48 39.26 25.03
25.01 26.44 24.39
22.14 22.13 24.59
3C.4P 24.56 25. Cl
‘31.42 33.29 25.34 ,
33.26 36.04 25,33 *
34.36 33.3P 24,92
33.41 27.36 24.81
31.93 26.6* 25.04
32.C6 31.23 25.03
32.64 3K.35 2*.10
32.71 30.58 26.C3
32.67 29.06 25.C6
32.62 20.63 25.03
32.75 29.35 25.05
32. V? 29.52 24.97
32.36 30.03 24.®?
32.23 29.39 ?4.9®
3P.49 32.10 25,13
32-71 20.36 2 5. P3
22.67 29.80 25.06
3 3 1
MO DEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 68 RESULTS FROM TYPICAL PIN
2D
CRTFC;E
BiF
GLC
PRACTICAL
1 2  3 4 5 1 1 I -I -1
2 STATE! S> 2 PARAMETER! S)
AVERAGE ACTUAL TIMES
DIAGONAL
ELEMENTS
STATE VEIGHT 
0 .100O0E 01 
0 .10000E 01
CONTROL
WEIGHT
I CONTROL!S>
PROCESS MEASUREMENT 
NOISE NOISE
0»25R00E 00 0.400O0E 01 
0.25000E 00 0.40000E 01 
0.00000E 00 
0*00000 E 00
DESIP.ED CONCENTRATION® 22.50 GM0L/M3
AVERAGE RESULTS OF 1 RUNS
30
0.25 
1.78 
0.93 
1.30 
0.87 
0* 3S 
-0.03 -0.24 
0.16 
-0.43 
0.27 
-0. 19 
0,05 
0.76 0.72 
0. 54 
-6.50 
-0.50 
-1.28 
-1.07 
-6.92 
-0.70 
-0.80 
-0.66 
-0.64 
-0.51 
-0.47 
-0.18 
-0.87 
-0.43 
-0.26
AVEPAGE BIAS 
CA CRTFC 
-0.86 -2.9565 
-1.12 -2.5805 
0.12 -1.7503 
0.68 -1.9769 
0.20 -2.1074
1.03 -1.3395 
0.62 -1.5545 
1*06 -1.5402 
1.05 -1.4103 
1.51 -1.5377 
1.84 -0.B415 
I - 61 -0.7028 
1.55 -0.6261 
1.20 C.5877 
1.13 1.0747
0.80 1.0495
0.94 -0.8499 
0.63 -0,5338 
0.52 -1.4253 
0.59 -1.3701 
0.B6 -1.3918 
1 .1 0 -1 .0P9S 
1.02 -1.2811 
1.16 -1.1352 
0.68 -0*9276 
0.27 -1.CP76 
0.72 -0.9647
1.04 -1.0492 
1.26. -1-2864 
0.82 -1.0754 
0.56 -0.8813
6934. 
1 767. 
1504. 
1 177. 
1025. 
983. 
769. 
763. 
673.
712. 
740. 
746. 
729. 
703.
713. 
676. 
636. 
585. 
516. 
503. 
490. 
498. 
497. 
407.
452. 
398. 
446.
453. 
462. 
441. 
429.
RMS ESTIMATI 
ITERATION T
0 0.25
1 ‘ 1.78
2 0.933 U30
4 0.87
5 0.35
6 0.03
7 0.24
8 0. 1 6
9 0.43
10 0.27
11 0.19
18 0.05
13 0.76
1-4 0.72
15 0.54.
16 0.50
17 0.50
18 1.26
19 1.07
20 0.9 2
21 0.70
22 0.60
23 0.66
24 0.64
25 0.51
26 0.47
2.9865 
2.5805 
1.7503 
1.9789 
2.1074 
1. 3 39 5 
1.5545 
1.5402 
1.4103 
1.5377 0.841 5 
0. 7 028 
0.6261 
0.5877 
1.0747 
1+049 5 
0.0499
0.5336 
1.4253 
1.3701 
1.3918 
1.009 5
1. 2611 
I . I  352
.0.9276
1.0076
0.9647
1. 0 49 2 
1 .P064 
1.0754 
0.6813
ON ERROR 
TCO CA
. 0.86 
1.12 
0.12 
0.08 
0.20 
1 *03 
0.62 
1.06 
1.05 1.51 
1.84
AVERAGE FILTER STANDARD DEVIATION
1. 13
0.80
0.94
1.10
1.02
1.16
0.72
1.04
69 34. 
1767. 
150 4. 
1177. 102 5. 
983. 
769. 
763. 
673.
712. 740. 
746. 
729. 
703.713. 
676. 
636. 
58 5* 
516. 
503. 
490.
496.
497. 
487. 
452. 
398. 
446. 
458. 
462. 
441 . 
429.
2 ♦ 8 69 0 2.7374 2.5690 2 • 49 8 B 2.4573 2.4570 2.4019 2.3896 2.2971 C.PC.06 2.2524 2.1943 2, 17 56 2.1633 2.0003 1.8466 1 . 7 50 5 I ,687! 1.6033 1.5557 I.533? I . 49 I 5 1•4661 I.4364 1.4294 !♦3609 1.3491 I * 3?53 1.3169
449.
356.
304. 
P7fl. 
24 7. 
229. 
215. 
£02. 194. 
166. 
1 79. 
1 73, 
163. 
163. 
158. 
154. 
1S1, 
147. 
144. 
141. 
139. 
136. 
134. 
132. 
130. 
127. 
126. 
124. 
122.
C0NTP0L5
TC!
20.0043.26 
27.03 
38.05
27.86 20,00 
40.71 
2C.C0 
39. 19 
2C-O0 * 
37.30 
33.07
26.83
35.27
31.87 
26. 58 
29.81 
31.29 
32.38 
26.01 
34.00 
33* 53 
26.67 
35c 35
28.83 
39-66 
20.C0 
36. 48
* 30.31 
37.46
29.28
STATE ESTIMATES 
TCO
MFAS'TrSF'JTF
24.03 
22.50 
26.62 
28. 53 
30.54 
31.97
30.78 
32.17 
31.59 
32.80 
31.70 
32.42 
33.49 
32-30 
32.65 
33.47 
33.73 
33. 17
34.07 
34.30
33.72
33.7 1
34.72 
34.02 
34.22
34.26 
35. 13 
33.85 
34.19
34.27
34.79
CA
31.82
31.98
30.35
29.43 
28.30 
26. 50
26.36 
25.60 
25. 18 
24.38 
23.69 
23. 56 
23. 50 
23. 54 
23.45 
23.54 
23.27 
23. 58 
23.77 
23. S9 
23.34 
23.25 
23.01 
22.96
23.43 
23.74 
23.03 
22-61 
22.59 
22.9) 
23.22
PARAMETER ESTIMATES
20. 4?
28. 34 
28. 68 
30. 69 
34.6? 
30.80 
31.40 
31.3? 
33.26
29, 58 
31.65 
33.09 
23.07 
09.87 
34. 5*
38.05
33.06 
37.98 
34. 36 
34.83
31.7336.71
33.46
33. 66
35.76
32.77
34. 12
35.06
33.77
32.74
30.57 31. PR 
29.61 
06. 69 
2?. 75 
25. 7? 
07.01 
?3. 34 
r?.«7 
53, 30 
24. 14 
24. 65 
03. M
24,96 
56.22 
27. TA 
24. 34 
24. 14 
23. vr 
22.?? 
23* 79 
?f. I? 
27,6? 
19.45* 
21.55 
22.03 
24.9! 
?4. 64
24.
24,28 
27. 55 
29.83 
31.40
32. 32 
3n.7 5
31.93
31.75
32.36 
31.97
32.23 
33.54 
33.06
33.36 
34.PI
33.23 32.67
32.80
33.23
32.80 
33.01
33.93
33.36
33. 58
33.75
34.66
33.67
33. 32
33.94
34. S3
TPUE STATES 
TCO CA 
8 3P.96
3r.S6
30. 46 
29 . 51 
28. 51 
27. 52 
26.93 
26. 66
24.20 
24.29 
24.19 
24.22 
24.35 
24.C4 
24. 12 
24. 11 
24.01 
23. 74 
23.65 
23.85
23.73
23.73
TRUE OR NOMINAL PARAMETERST TCO CA ITERATION CRTFC E CRTFC E
2.00 2.eo C 3.7 500 4C000. 0.7635 46934.
1.29 1.99 1 3. 3440 45167. 0.7635 46934.
1.10 1.57 2 2.5133 45430. 0.7635 469 34.
0.98 1.36 ? 2.7424 45757. C.7635 46934.0.98 1.21 4 2.671 0 45909. 0.7635 469 34.
0.03 1.12 5 2. 1030 459 51. 0.7635 46934.
0.78 1.03 6 2.3120 46165. 0.7635 469 34.
0.69 0.9B' 7 2.3037 46171. 0.7635 46934.
0.79 0.93 6 2. 1738 46261. 0.7635 469 34.0.70 0.91 9 2.3012 46222. C.763S 469 34.
0.6 5 0.88 to 1.605,5 46194. 0.7635 46934.0.74 * 0.87 11 1.4663 46183. C.7635 469 34.0.68 0.84 12 1.3896 4620 5. 0.7635 46934.
0.78 0.83 13 C. 17 53 46231. 0.7C35 469 34.
0.68 0.62 1 4 -P .311 I 46221• P.7635 46934.0.66 0.81 15 -G.2B6C 46255. 0.7635 469 34.0.95 0.80 16 1.6134 46293. 0.7635 469 34.0.96 C.BO 17 1.2974 46349. 0.7635 46934.0.88 0.80 18 2.1333 46413. 0.7635 46934.0.62 0. 80 19 2.1336 46431. 0.7635 469 34.0.88 0.79 20 2.1553 46444. 0.7635 46934.0.80 0*79 21 1.7730 46436. 0.7635 4 69 34.0.74 0.78 22 2.0446 46437. 0.7635 46934.0.60 0.77 • 23 1.8967 46447. 0.7635 46934.0.75 0.77 24 1.6911 46432. 0.7635 46934.0.77 . 0.76 25 1.7711 46536. 0.7635 469 34.0.69 0.76 26 1.7262 464U3. 0.7635 46934.0.83 0.75 27 1.8127 4*476. 0.7635 46934.0.78 0.75 23 1.9699 46472. 0.7C35 469 34,0.76 C.75 29 1.8339 4649 3. 0.7635 46934.0.70 0.74 30 1.6448 4650 5. 0.7635 469 34.
: FILTER; STANDARD DEVIATION STANDARD DEVIATIONE ITERATION T TCO CA CRTFC3.C00O 7071. 0 2. no 2.P0 3.0000 7071.2-9654 667. 1 1.29 1.99 2.9854 667.
U10 
0.93 
0.96 
0.83 
0.7Q 
0.69 
0.79 
0.70 
0.95 
0.74 
0.68 
0.78 
0.68 
C.66 
? • 9 5 
0.96 
0.83 
0.32 0.88 
0.80 
0.7 4 
3.RC 
0.7 5 
C.77 
0.6 9
0.76
1.12
1.03
0.93
2.8690 
2.7374 
2. 5690 
2.4988 
2.4573 
2.4570 
2.4019 
2.3896 
2.2971 
2.2C06 
2.2524 
2. 1948 
2.1756 
2, I C 38 
2.0003 
1 . 8 4116
1.7 505 
1.6371 
1.6038 
I . 5557 
1.5332 
1. 4'M S 
1.4661 
1.43C4 
1. 43 >4 
1. 3b09 
1. 3-iJ 1 
1.3253 
I .31X9
449. 
356. 
304. 
270. 
247. 
?29. 
21 S. 
203. 
19 4. 
186. 
179. 
173. 
168. 
163. 
158. 
1 54. 
151. 
147. 
144. 
141. 
139. 
136. 
134.
3 3 2
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A>69 RESULTS FROM TYPICAL PUM
2D
CRTFC/E 
EKF 
PP+LC 
PRACTICAL
MEASUREMENTS
I 1 I - I -1
2 STATE! S> 2 PAPAMETERCS> I CONTROL!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
ELEMENTS WEIGHT WEIGHT ‘ NOISE NOISE
1 0.10S00E 01 0.00CC0E 00 O.2SC0GE 00 0.40OD0E 01
2 0.1C000E 01 0-2SP0CE 00 O.40000E 01
3 0.00COPE 00
A O.0000OE 00
DESIRED CONCENTRATION* 22.50 GM0L/M3
AVERAGE RESULTS OF 1 PUNS
AVERAGE BIAS 
ERATION T TCO CA CP.TFC E
C B.2C -P .96 -2.9865 6934.
* 1-77 -1.12 -2.5775 1782.
2 WP2 0.18 -1. 172G 1492.
3 1.37 0.19 -1.4621 1142.
A P.92 0.19 -1.5075 991.
5 I . 13 - I . 0125 939.
6 C.E4 0.56 - I . 1540 . 732.
7 -G.33 0.83 -1.2619 739.
B C.37 0.79 -1.2761 660.
9 -C.33 1,42 -1.3545 703.
ID C.12 |.74 -0.3213 733.
H -G.13 1.37 -0.6386 735.
12 -0.01 1.67 -0.4161 714.
13 0.02 1.31 0,7109 682.
I*  0*94 1.36 1.3724 685.
15 0.53 1 * C2 I •33 30 643,
16 -C.18 0,92 I.PC25 607.
17 0.24 P.81 0.9395 551.
IB -e.75 0.25 0.5512 490.
19 -C.50 0.34 0.5130 480.
20 > -0.40 0.86 0 .34C0 466.
21 -e.05 1.05 0.7300 473.
22 -0.58 1.19 0.2387 470.
23 -C. 16 , 1.17 C.3552 458.
24 -2.29 0.63 0.5377 423.
25 -0.27 0.10 6.5232 373.
26 -C.04 0.90 0.6139 419.
27 0.05 1.24 0.4943 428.
28 -0.45 1.42 0.2899 430.
29 -Z.C5 1.0 5 *0.3916 ^  406.
30 0.C7 C. 70 0.6498 393.
RMS ESTIMATION ERROR 
ITERATION T TCO CA
0 0.20 0.9
1 1.77 l . t
2 1.03 0.1
3 1.37
4 0.92
30
0.58
0.04
0.03
0.37
0.330.12
0.18
0.01
0.62
0.94
0.53
0.18
0.04
0.05
0.45
0*05
0.07
0. 19 
0. 19
1.13 
0.56 
0.83 
0.79
1.42 
1.74 
1.87 
1.67
1.31 
1.36 
1.02 
0.92 
0.81 
0.25
0.34 
0.86
1. 05 
1.19
1.17 
0.63. 
0. 10 
0,90
1.24
1.42
RMS ESTIMATION ERROR 
ITERATION CRTFC E0 2.9065 6934.1 2.5775 1782.2 1.1720 1492.• 3 t.4621 1142.4 * 1.5075 991.
5 1.0125 939.6 1. 1540 732.7 ' 1.2619 739.8* 1.2761 660.9 1.3545 703.10 0,8213 733.11 C.6C06 735,12 0.4161 714.13 0.7109 682.14 1.3724 63 5.15 1.3830 643.16 1.0025 607.
17 0.9095 551.18 0.5512 490.19 0.5130 430.20 0.3400 466.21 0.7 303 473.22 0.2887 470.23 0.3552 458.24 0.5377 423.25 0.5282 373.26 0.6109 419.27 0.4943 428.28 . . 0.2099 430.29 0.39111 426.30 0.6490 393.
AVERAGE FILTER STANDARD DEVIATION 
T TCO CA
2.03 2.22
1.30 ‘ 1.99
1.23 1.57
C.33 1.36
1.18 1.2!
C. 77 1.12
0.55 1.72
e.75 C * 9 7
P.65 0.93
e.69 C.90
C* 79 C.S7
e.22 - 0.56
C.51 P* 54
0.78 P.53
0.73 P.82
e.66 C.51
0.65 C.2P
C.5S C,79
e.69 2.79
8. 67 2.75
P.33 C.72
0.90 7.73
0.78 0.73
0.83 7.77
C.73 7.77
e.CB C.76
0.70 C.7?
P.30 0.7?
0.75 0.75
0.73 C-74
P.72 C;74
AVERAGE FILTER STANDARD DEVIATION CPTFC E
3.2700 7771.
2.9*54 667.
2.7?65 447.
2.6567 254.
2.3066 373.
2.2664 
2. 149 5 
2. 1295 
2 .I 29 3 
2.1323 
2.0726 
2.r742 
1.9295 
1*88 56 
1*8 470 
1.82)4 
1.81!?
1.7227 
1.69E3 
1.6313 1.6791
1. 57.9 2 
1.4592
1. 39 £9 
1.2622 
1.3*4!I•2273
l.?923 I * £61 £
269.
247.
229.21
194. 
186. 
1 79. 
1 73. 
168. 
t 63. 
159. 
155. 
151. 
147. 
144. 
141. 
123. 
126. 
I 23. 121. 12?. 12 7.
I TEEATION TCt T TCO CA
7 29.► cc 24.?4 30.96
1 52 <. c? 20.39 31.96
2 22,.00 £9.97 30.67
3 5C,► PC 28*99 30.944 20, 00 32.65 29. 17
5 22..00 35.49 26. 12
6 £7,► PO 30.BS 29.347 23,• 64 33*41 25. 13
6 34.. 52 33.66 26. 34
9 26.• C3 34.78 22. 56IC 3C,► 98 31.02 22. 1211 30.► 67 32.30 22.81
12 31..66 32.66 23. 73
(3 31. S3 28.20 24. 5?
14 32.■ 95 28.92 ?3. 10
Hi 33.. ie 34.34 25.30
16 2o«-39 39. C3 25.08
17 36.• 15 34.24 26.33 *18 34.-64 39. 37 27.01
19 £8..77 36.27 24.PR
2C 3C.-25 35.76 23.96
21 33.► 96 32.55 22. 60
22 29,► 40 36,88 22.72
23 35.► 59 34. 12 23. 50
24 34.• 14 34. 44 25.9425 33.• 29 37.11 27.3226 29,.25 33.34 19.38. -
27 34-.08 35. 12 21. 56
£8 3S..53 36.28 22.00
29 34,.51 34.47 24.95
30 32..47 32.87 24. 58
STATE ESTIMATES TRUE STATES
ITERATION ? TCO CA T TCO CA
2 26.0 3 31*82 24.24 30.86
1 22.47 31.92 24.24 30.80
2 28* 1 4 3C.C9 29. 17 30.2?3 28.76 £9.0 5 30. 14 29.254 32.44 27.67 33. 36 28.065 32.61 25.82 33. 19 26.966 3C.75 26.05 30.79 26.607 32.96 25. IB 33.93 26.018 32.0 6 24. 56 34.23 25.359 34.2 2 23.69 33.88 25- 10IC 32.29 2 3* C 4 33.41 24 . 73 ,1 1 32.76 22.90 32.88 24.7012 33. 11 22.98 33. 10 24.6513 22.56 23.30 33. 19 24.6114 32.47 23.21 33.41 24* 57IS 33-27 23. 42 33.50 24.4416 34.37 23. 4! 34. 19 24.3317 23.60 23-50 33.64 24, 3113 34.9 4 23.81 34. 19 24.C619 35. 64 23. 51 35. 14 23.85£0 34.9 3 23. 1 S 34. 53 24.0221 33.39 22.90 33.84 23.9522 34.63 22.75 34.10 23.9423 34. 17 22.7 4 34.01 23.9124 34.65 23.25 34.36 23.8?25 35. 36 23,63 35. 10 23.7326 35.26 22.76 35.23 23.6727 34.61 22.41 34. 66 23.6528 34.99 22.39 34. £3 23.8129 34.59 22.73 . 34.53 23.7830 24.60 23.02 . 34.66 23.71
parametep. ESTIMATES TRUE OR NOMINAL PARAMETER!
ITERATION CRTFC E CRTFC E0 3.7500 4OCC0. 0.7635 46934.
1 3.3410 45152. C.7635 46934.2 1.9355 45442. 0.7635 46934.
3 2.2256 45792. P.7625 46924.
4 * 2.2711 ‘459 4 3. C.7635 46924.
5 1.7760 4599 5. B.7635 46934.
6 1.9 175 46202. C.7625 46924.7 2.0254 46195. C.763S 46934.8 2. C39 6 46274. C.762S 469 24.9 2. 1 180 46231. C.7635 469 34.10 1.5649 46201 • C.7625 46924.
It 1.3721 *46199. 0.7635 469 34.12 1. 1796 46220. 0.7635 46934.
13 0.0 526 46252. C.7635 469 34.1 4 -0,6089 46249. 0.7635 469 24.
15 -0.6195 4629 1 . C.7635 469 34.
16 -0.2390 46327. 0.7625 469 34.
17 -0.226O 46383. C.7625 469 24.
18 0.2123 46444. 0.7635 46934.19 0.2505 46454. 0.7635 469 24.
20 0.423S 46460. C.7625 669 34*21 0.0335 46461. 0.7625 469 24*
22 0.4748 46464. C.7635 46934.
23 0.408 4 46476. 0.7635 46934.
24 C. 8258 46511. C.7635 469 3.4*
25 0.2353 46561. 0,7625 469 24*
26 0.1446 4651 5. e. 7635
27 0.269 2 46506. 0.7625 46924.28 0.4736‘ 4650 4. C.7625 46924,
29 0.3718 46528. 0.7635 469 24.
30 0.1137 46541. 0.7625 46934.
STANDARD DEVIATION
ITERATION T TCO CA CRTFC E
0 2.00 2.00 3.cee3 7071.
I U30 1.99 2.98 54 667.
2 1.23 1.57 2.7C65 447.
3 0.68 1.36 2.6567 354.
4 1. 18 1.21 2.3066 303.
5 0.77 1.12 2.2664 269.
6 0.00 1 .02 2. 169 5 247.
7 0.75 0.97 2.1393 229.
8 0.60 0,93 2.1393 215.
9 e.69 0.90 2.1323 204.
10 . 0.79 0.87 2.0786 1*4.
11 0.02 0.86 2. Cfl 62 186.
12 0.01 0.54 I .9395 179.
13 0.78 0.0 3 1.3856 173.
14 0.73 P. 62 1.8470 1 68 *
15 0.66 0.81 1.8294 163.
16 0.65 0.80 1.0162 159.
17 0.85 0.79 1.7237 1 55.
18 0.69 P.79 1 * 69 58 1 51.
19 0.67 0. 78 1.6313 147.
20 0.83 0.78 I . 6291 144.
21 o,9e 0. 78 1 .5C93 141.
22 0,70 0.78 1.4593 1 38.
23 0.03 C. 77 1. 39 59 136.
24 0,73 0.77 I .3683 133.
85 0.60 0.76 1.3540 121.
26 P.70 0.75 1.3375 129,
27 C.80 0.7 5 1.2923 127.
25 0.75 0.75 1.2616 125.
29 C.78 0.74 1.2254 122*
30 0*72 0.74 1.2041 122.
3 3 3
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
ELEMENT I
TABLE A * 70
2D
CRTFC;E 
EKF
PP+GLC
PRACTICAL
5 6 8
I 1 1 -1 - I  I 3 -1
2 PARAMETER!S) 1 CONTROL!M
AVERAGE ACTUAL TIMES
DIAGONAL STATE
ELEMENTS WEIGHT
1 0.1OCO0E 01
2 0.10000E 01
PROCESS MEASUREMENT 
NOISE NOISEp.ssopnr cp n.4rcroE 01
P.250C0E CO 0.4PCPCE 01 
0*0CCCCE OO 
0.P0CR0E CO
DESIRED CONCENTRATION- 22.50 GM0L/M3
AVERAGE RESULTS OF 1 RUNS
0.25 
1 .82 
0.96 
1.40 
0.97 
0.70 
6.23 
0.56 
-0.03 
-0.39 
0. 12 
-0.07 
-0.06 
0.83 
0.76 
0.69 
-0.21 
-0.21 
-0.7 5 
-0.83 
-0.59 
-0.51 
-0.78 
-0.31 
-0.50 
-0.44 
-0.27 
-0.36 
-0.34 
-0.25 
-0.18
AVERAGE DIAS 
CA CRTFC
-0.67 -2.9865
- I . 11 -2.5899 
0.1? -1,2365 
0.08 -1.4943 
0.22 -1,4986 
0.S5 -0.99P6 
O.l! -1.1538 
0.65 -1.1347
0.56 -1.0334 
1.27 -1.2307 
1.65 -0.6470
1. 69 -0.5P47 
1.56 -0.3665 
1.20 0.5340
1.1! C.8766
0.79 C.7963
0.73 -0.1226 
0.4I G.PC65 
0.15 -0.6185 
0.21 -0.6430 
C.47 -0.7517 
0.79 -0.4642 
0.7 S -0.6291 
0.65 -0.5359 
0.28 -0.4197
-0.03 -0.5710 
0.80 -0.3738 
0.93 -0.4255 
P.90. -0. 5723 
0.58 -0.4761 
0.37 -0.2268
6934.
1636.
1369.
1037.
882.
852.
670.
631, 
613. 
662. 
693. 700.
632. 
652. 66). 
624. 
593.
434.
478.
470.
431.
4B7.
433.
451.
401.
449.
463.
472.
453.
443.
RESULTS FROMTYPICAL PUN
CONTROLS MEASUREMENTSTEHATION TCI T TCO CAC 2C.PP 24.28 31 . 151 58.CO PP . 43 3P.3!2 2C.CZ 29.84 30.983 50. C2 28.94 31.094 20.CO 32.65 29.445 so. ec 35.49 26.096 20. oe 35.63 P8.557 27.83 34.32 24. 108 31. 40 32.64 25.739 £7. 42 33.78 22. 14ie 31.26 30.28 21.97ll 33.53 31.91 22.6112 29. G 3 32-70 23.7013 34.62 28.29 24.3914 29.89 29.09 • 22.8815 33.04 34.39 24-9916 ss.ei 38.30 24.7117 31.37 33.89 25.9518 32.90 38.89 26.7819 , 28.13 34.96 23.8020 33. 13 34.90 23.5621 37.91 32.20 22.43?2 26-55 *37.49 22.4023 22* 39 34. 59 23.0224 27.69 33.92 25*4425 32.32 35.50 26.9726 36.95 31.43 19*1927 33.78 34.82 21*4123 27.36 36.49 21 .4529 35.46 33.73 24.3732 31.64 32. 13 24.17
STATE ESTIMATES TRUE STATESITERATION T TCO CA T TCO CAe 24.C3 31.82 24.28 31* 15l 22.46 32-26 24.28 31.152 23.P3 3C.45 29.04 30.583 23.69 29.32 3P.09 29*404 32.39 23-11 33. ?6 28*34s 22.49 26.07 33.19 26*926 35. 34 25.71 35. 57 25.817 34.23 24.31 34.84 24.988 33.05 24. 18 33.01 24.749 33.23 * 23.41 32.38 24-6810 32. 54 • 22.98 32.67 24*6311 32.57 22.85 32.49 24*5812 32. EC 23. 0S 33.15 24*6113 32*45 22.23 33.28 24.4814 22.32 23.24 33. 58 24.351 5 33. 1 5 23.33 33.84 24.1316 23.66 23.23 33.45 23.9617 33.7 1 23.52 33.49 23.9318 34.46 23.63 33.71 23.8319 34.63 23.43 33.84 2.3.64£2 34.26 23* 1 5 33.67 23.6221 34. Z 1 22.99 33.49 23.7822 35. 4? 22-87 34.71 23.6223 34.30 22-71 34.49 23*3524 34.34 * 23.C9 33.84 23*3725 33.93 23-41 33.49 23.38£6 32.59 22.63 33.32 23*4827 34.72 22.53 34.36 23*51
£3 35. CS 22.36 34.71 23.2629 34.05 22.61 33.80 23*1930 34. 1 1 22.94 33.93 *23*3t
RMS ESTIMATION ERROP AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES- TRUE OR NOMINAL PAFAMETEPS
ITERATION T TCO CA T TCO CA ITERATION CRTFC E CPTFC £
0 0.25 0.67 2.00 2.00 0 3.7550 4GCC0. 0.7635 46934.
1 1.82 1.11 1.30 1*99 1 3.3534 45298. G .7635 46934.2 0.96 0.12 1.23 1.57 2 2.BCP0 45565- 0.7635 46934*3 1.40 0. G8 0.88 1,36 3 2.2578 45397. C. 7635 46924.
4 0.97 0.22 I.  18 1.21 4 2.2621 * 46052. 0.7635 46934*
5 0.73 0.85 0.76 l.lfi 5 1.7 542 46682* 0.7635 46924*
6 0.23 0. 1 1 1.01 1.03 6 1.9 173 46264. 0*7635 46934-
7 0.56 0.68 0.66 0.98 7 1*8962 46253* C.7625 46934*
8 0.G3 0. 56 0.00 0.92 8 1.7969 46321, C.7635 46934.
9 0.39 1.27 0.80 0.90 9 1.9942 46272. 0.7635 46934.
10 0* 12 1.65 0.85 O.QB 10 1.4 ICS 4624). * S.7625 46924.
11 0.07 • 1.69 0.82 0.06 1 t I.G6S2 46234. 0.7635 46334.
12 0*06' 1.56 0.73 0.8 S 12 1.13C0 462 52. C.7635 46924*
13 0.83 1.20 0. 76 0.83 13 0.2295 46282* C-7635 467 24*
14 0.76 • 1.11 0,63 0.82 14 -0.1131 46273* 0.7635 46j34.IS 0.69 0.79 0.70 0.81 IS -0.6333 46310. 0.7635 469 34*
16 8.21 0.73 0.77 0.81 16 0.8861 46341. G.7635 46974.
17 0.21 0.41 0.77 n.BO 17 0.7 570 46389. 0.7635 469 24.
18 0.75 0.1S 0.76 0.80 18 !.3B2e 46430. G.7635 46334.
19 0.83 0.21 0.75 0.79 19 1.4065 46456. C.7635 46734.
fl.59 0.47 0.8) 0.79 20 1. 5 1 52 46464. G.7635 46934.
21 C.51 0.79 0. 78 0. 78 21 1.2277 46453. 0.7635 4 67 34.
22 0.78 0.75 0.69 0*77 22 I * 3927 46447* C.7635 46924.
23 0.31 0.65 0.76 0, 76 23 1.349 4 46451• 2.763S 46934.
24 0.58 0.28 0.78 0.76 24 1.1832 46483* P.7635 • 4 6? 34.
25 0.44 0.03 0.82 0.76 25 1.3345 46533. 0.7635 46924*
26 0.27 C.80 0. 79 0. 76 26 1. 1373 4648 5. 0.7635 46934.
27 0.3 6 0.93 0.70 0. 76 27 1.1890 46471. 0.7635 46734.
23 0.34 0.90 0.70 0.75 28 1.33S3 46462. 0.7635 46724.
29 0.25 e. 58 0.78 0.75 29 1.2396 46481. 0,7635 46934*
3C 0.18 0.37 0.73 0.75 30 0.9903 46491* C.7635 N46934.
RMS ESTIMATION 
ITERATION CF.TFC0 2.9365
1 2.5899
2 1.2365
3 1.4943
4 1.493 6
5 0.9906
6 1.1533
7 1.1347
8 1.0334
9 1.2307
10 0.6470
11 C.5C47
12 Z.3665
13 0•5340
14 0.3766
15 0.7963
0.1226 
0.PC65 
0.6135 
0.643C 
3.7 517 
2* 4642 
0.629 1 
0. 53 59 
0.4197 
0.5710C.27as 
C.42550.57:2
0.4761
0.2263
6934. 
1636. 
1369. 
IC37. 
882. 
852. 
670. 
681. 
61 3. 
662. 
69 3. 
700. 
632. 
652. 
661 . 
624. 
593. 
545. 
434. 
47 8. 
47 G • 
431 . 
487. 
483. 
451. API. 
44?« 
463. 
472. 
45.3. 
463.
AVERAGE FILTER STANDARD DEVIATION 
CPTFC E7071.
669.
3.0000 2.9856 2.7076 2.6560 2.2998 2.2641 2.0735 , 2.0673 2.0142 1.9598 I.8804 1.8146 1.7636 1.7417 1 •7270 1.7028 1.6510 1.6051 1.5635 I.5303 1.478 7 1.4337 1.4299 1. 4017 ».3672 
1*3105 1 .28C8 1.2707 I .259 3 1,2234 1.2109
449.
356.
304.
270.
247.
230.
216.
205.
196.
188.
181.
175.
170.
165.
160.
156.
152.
149.145.
14?.
140.
137.
135.
132.
2.00 
1.30 
1.23 0.88 
1. 18 
0.76 
1.01 
0.68 
O.SO 
0.80 
C.o 5 
0.82 
0.73 
0.76 
0.68 
0.70 
0.77 
0.77 
0.76 
C.75 
0.8 1 
C.7B 
0.69 
0.76 
C. 78 
0.82 
0.79 
G.7 0 
0.70 
0.78 
0.7 3
STANDARD DEVIATION 
CA CRTFC E2.00 3.0RCO 2.9356 2.7076 2.656C 2.2998 2.2641 2.0735 2.0673 2-0142 1.9592 1.8804 1.8146 1 * 7336 1.7417 1.7P70 1.7028 1 .6510 1 .6251 1.5635 1. F.2P3 I.4787 1.4337 I.4299 I . AC 1 7 1.3672 1.3185 1.0403 
I •2727
1.99 
1.57 
1.36 
1.21 
1.12 
I.C3 8. J8 
0,92
P.02
0.80
0.60
0,79
0.79
C. 70 
0.77 
0.76 
0.76
7871. 
6C?» 449. 356. 304. 27P. 247. 23C. 216. 20 5. 196. 
163. 
131. 175. 170. 165. 1 6C. 156. 1 52. 149. 145.
0.76 
0.76 
0.75 
0.7 5 
0.75
1.P593I. S+Vt
3 3 4
TABLE A. 71 r&f&TS FPOM TYPICAL RUN
MODEL: 
PARAMETERS: 
ESTIMATOR: 
COM TROLL ER: 
REMARKS:
3D
CRTFC/E
EKF
GLC
PRACTICAL
ITET ATI ON MEASUREMENT? T TCO
2 FARAMETeRCS)
AVERAGE ACTUAL TIMES
DIAGONAL
ELEMENTS
STATE WEIGHT O.IOOOOE 01 O.OOOOOE 00 0. )0000E 0 i
CONTROL UE! GMT
9 IT II I? 13 14 15 If
I CONTFJL< 5)
PROCESS MEASUREMENT NOISE NOISEc.25rors on o.apopoe ri p.esccoE no c.errors ci P.250C0E 00 C* 400CCE 01 r.nopcos ok o.oeopoE on
DESIRED CONCENTRATION* 22.50 GM0L/M3
AVERAGE RESULTS OF 1 PUNS
P. 10 0.32 0.B5 0.28 -0.13 
0.1 1 -P.01 0.42 
0*62
-0.40-0.67-0.46-0.72
-0.53-0.38-0.42
0.05-0.06
0.220.26C.47
0.21
TCO 0.C3 0.02 -0.07 -2.60 0.30 -0.62 e.79 C.03 -1.33 -0.03 -P. 19 -1.03 -0.42 -0.77 0.26 -0.54 
-0.45 -0.55 
-P. 10 -0. 58 
-0.00 -0.79 “0.25 -0.4! 
0.02 -0-64 0.05 -0.47 -0.72 -0.16 -e.4B
AVERAGE PIAS CA CRTFC -1.45 -2.9565 -0.65 “P.3706 -0.26 -2.6432 -0.39 -1.7539 -0.60 -1.5844 0.13 -1.3412 1.32 -0.3721 I.SB -P.09901.37 2.15 1.61 1.30 .0.81 0.54 
0.8 1 0.91 0.36 1.13 1* 19 0.82 
0.86
-0.00 -0.34 0.35 0.64 0.59 
1.00 . 0.85 C.92
C.13 0*79
C.72 2.54
2.9965 2.3726 2.6432 1.7 539 1. 5344 1.3412 C.3721 2.2990 C.7IC2 2.7329 1.I 346 e.4443 C.5259 0.3224 0.7945 0.37(9 0.5052 C.2397 0.7367 C.7057 0.5311 0.51 17 0.9 ) 48 0.9 4250.9932 I.12761. 1 438 I.C 669 
0.7431 0.7532 0.19C9
6934. 
2100. 1488. 1 1*4. 891, 917. 98 I. 941 . 919. 
1C19. 933. 831. 773. 728. 740. 715- 665. £78. 7CC. 687. 656. 644. £69. 546. 518. 554. 584, 577. 59 C * 535. 598.
7102 0.7029 I.1346 P.4443 0.8259 0.8234 C.7945 0.3769 0.5252 P.2397 0.7367 0.7C87 0.5311 B.5117 0.9143 0.9433 0.9932 I.1276 1.1438 1.0668 0.7431 0.7522 0.8909
6934. 21 CP, 1498. 1154. 891, 917, 981. 941. 919. 1019. 933. A3 I • 773. 723. 740. 715. 665. 678. 700. 687. 656. 644. 563. 546. 518. 554. 534. 577. 590. 585. 598.
PMS ESTIMATION ERROR
C.C2 0.65
0.30 C.600.62 0.13
AVERAGE FILTER STANDARD DEVIATION T TCO CA 2.00 2.00 1.29 0. 520. 50 
1.02 0. 53
1.32 1.58 1.37 2.15 1.61 1.30 0.81 0.54 0.81 0.91 0.36C.77 0.55 1.130.05 P.lfl 1*190.53 0.58 0*820*33 C.00 0*860.42 0.79 0.93P.C5 0.25 0.C7C *06 C • 41 0.0.00.22 P* 02 0.34-P.25 0.64 0.350.47 C.OS 0.64C.2I 0.47 0.590.55 0.72 1.00C.Oi C.16 0.850.17 C. 48 C.92
0.510.77
0.850.98*0.55
1.020.9 41.C5 0.95 0.70 0.95 0.610.75 0.810.64 0.530.86 0.70 0. 69 0.68 0.520.66 0.49
0.74 0.490.74 0.49
0.68 0.5!0.70 0.53P.74 0.49
0.68 0.510.69 0.49
0.70 f
AVERAGE FILTER CRTFC 
3.0000 
2.9777 
2.9407 
2. 5319 
2.2792 
2. 1273 
2.0129 
1.8431 
1.7043 
1.6922 
I .4929 
1.3124 
1.2371 
1.2693 
I .2605 
1.2241 
1.19 19 
1.1660 
1.1407 
1.1266 
I . IP39 
1.0737 1,8*01 
1.0485 
I *0405 
I . 0355 
1,6300 
1.0161 
I . 8027 
0.9746 
0,9563
2.00 1.99 1. 56 1*34 1,22 1.13 1.05 0.97 0.93 0,90 0.Q7 
0.86 0.84 0.83 0.82 P.8I 0.30 
0.60 0. 79 C.78 0.77 0.77 P.77 0,76 0.76 0.76 0.75 0.74 0.74 P. 74 0.74
STANDARD DEVIATION E
7071,668.
450.
359.
305.
270.
24 6.
228 .
* 215.
2P4.
194.167.
180.
173.
168.
163.
158.
154.
I 50.
147.
144.
141.
138.
136.
133.
131.
128.
126.
124.
123.121*
2 pr.ee 24.02 2P.63 30.381 sr.ej 2P.64 22.06 30.87Z 52.CC 24.89 19.43 32-10
3 30.84 27.35 44.44 32*14
4 36.97 31.13 33.13 31,45
5 20.C0 32.44 34.89 26,93
6 20.00 33.65 25.03 23,91.
7 37.59 28.00 19.18 25.563 30.SO 28.90 33.32 25.049 20,CO 27.41 31.88 21*131C 35. 69 29.97 23.66 26-31
t 1 27.71 36.07 33.63 25.61
12 32.79 34.25 34.57 28.14
13 31.32 33.3® 32.12 25.99
1 4 27. 55 33,13 31.4? 23.221 5 3C« 7 1 35.61 27.38 24-37
16 32.63 32-33 30.76 26.13
17 30.20 34.34 34.77 22.35
18 • 34.C6 23.76 31,46 22.07
19 23.80 35.15 31.50 23.76
20 29.83 34.89 23.52 24.39
21 31.46 33.C2 26.03 23.80
34.39 30.58 29.(5 29.4323 31.34 33.05 34.78 25.49
24 34.42 31.39 29.44 26.P6
25 31.92 29.63 34.24 20.90
26 30..3C 32.25 31.31 20.54 *
27 32.41 35-53 ‘32.75 23. 13
23 23.32 37.34 32.09 20.74
29 34.47 31.33 25.46 22.92
33 32.30 33.77 29.37 21.55
STATE ESTIMATES TRUE STATES
ITERATION T TC3 CA T TCO CA
0 24.03 2C.6Z 31.82 24.P2 20.63 30.33
1 22.39 20.42 32.78 24.02 20.44 30.12
2 23.33 20.32 30.64 23.93 20.25 30.333 27.27 45.43 30.25' 27.£9 42.86 29.90
4 20.56 32.45 29.23 31.40 32.75 28.68
5 22.21 35.93 27.23 32.49 35.31 27.36
6 22.23 22.98 25.10 32.10 23.77 26.42
7 29.51 21*35 24.61 29.92 21.33 26.19
8 30.32 34.72 24.55 30.31 33.39 25.92
9 31.50 31*54 23.53 31.93 31.51 25-6710 30. 06 22.92 23.50 30.3B 22.74 25.41 .
1 1 31*27 33.45 23.97 30.7S 32,42 25.27
12 32.27 29.44 24-35 31.66 29.02 25.16
13 22.46 32,27 24.25 31.50 31.51 24.31
14 33.23 32.CS 23-73 32.62 32.33 24.53
IS 32.03 23.£3 22-42 32.36 £3.14 24.32
16 22.67 20.79 22.67 32.10 30.31 24*0317 32.13 31-?7 23.16 32.36 3C.7B 24.30
18 32.54 30*73 . 22.94 32-49 30.63 24.14
19 33.37 33.51 23. P6 32.84 32.93 23.88
2C 33*52 29.94 23.13 33.15 29.94 23-99
21 33.04 20.03 23.03 32.62 29.25 24.01
22 32.62 21.43 23.97 32.67 31.18 24.04
23 23.33 33.9? 23.96 33.32 33.57 23.96
' 24 32.53 31.39* 23.95 33.75 31.92 23.61
25 33.65 24.03 23.31 33.93 33.39 23-66
26 33.39 22.47 £2.77 34.36 32.52 23.41
27 23.25 31.20 22.71 34.C6 3C-72 23.30
EE 24.31 32. SC 22.37 33.75 31,73 23.37
29 23.50 29.36 22.43 33.49 29.20 23.28
2C 33.66 33,55 22.46 33.49 33.07 23*38
PAPAMETER ESTIMATES TRUE 0" NOMINAL PARAMETERS
ITERATION CRTFC E CRTFC E
0 3*7 500 40000. 0.7635 46934-I 3. 1341 448 34* 0.7625 46934-
2 3.4067 45446. 0.7635 46934.a 2.5174 . 45780, C.7625 46934.
4 2.3479 46043. C.7635 46934-
5 2.1047 46017. 0.7635 46934.
6 1.1356 459 53. 0.7625 46934.
7 C, 8 525 45993. e* 7625 46924.
8 0.0533 46015. 0.7635 46924.
9 0.0 306 459 15. 0.7635 46924.
to -0.3710 46CCI. 0.7625 46934-
11 0.3193 46053. 0.7635 46934-
12 -C.C624 4616U 0.7635 46934.
13 -0.0 599 46206. C.7635 46924.
14 -0.0310 46194. 0.7635 46934.
IS 0.3866 46219. 0.7635 46904-
16 0.2384 46269. C.743S 46934.
17 C.4739 46256. 0.7625 46934.
18 0.0263 46234. P.7635 46924.
19 0.054B 46247. 0.7635 4(924*
20 0.2324 46270. C.7635 469 34.*
21 8.25)8 46290. 0.7635 46934.
22 -0.1513 46366. 0.7625 469 24♦
23 -0.1BC2 46383. C.7625 46924.
24 -0.0297 46416. 0.7635 4631A.
25 -0,3641 46380. C. 7635 46924.
26 -P.3852 4635P, 0.7635 46924.
27 -0.3033 463.57. 0.7635 469 74.
23 0.0204 46344. 0.7635 46934.
29 0.C1I3 46349. 0.7635 46934.
30 -0.1273 46336. C.7635 46934.
STANDARD DEVIATION
iteration T TCO CA CRTFC E
0 2.00 2.GO 2.02 3. PP.CO 7071.
1 1.29 0.52 1.99 2.9777 663.
2 1.C2 C.SP 1.56 P.940? 450.
3 0.94 1.C2 1.34 2.53)9 3S9.
4 1.0 5 0.5? 1.2? 2.2792 305.
5 C * 9 5 C.51 1.13 2, 1273 273.
6 0.70 0.77 1,05 2.0129 246.
7 0.95 0.61 0*97 1.8431 223.
6 0.75 0.61 0.93 1.7063 215.
9 0.64 P.53 0*90 1.6922 204.
10 0.86 C.05 0*87 1.4929 194.
1 1 0.70 0*98 C.86 1.3124 187.
12 0.69 O.SS 0.84 1.2371 ISC.
13 0.60 0.52 C.83 1.2693 173.
14 0.66 0.49 C.32 1.260 5 1 63.
15 0.73 0.55 0.8) 1•?24t 163.
16 0.76 C.49 fl.SC 1. 1919 I 53*
17 0.74 0-49 B.80 1.1660 154.
16 0.74 C.49 ■ 0,79 I * 1427 If  P.
19 0* CQ 0.51 C.73 1. 1266 147.
20 0.70 0-53 0.77 1 . 1039 144.
21 0.74 0*49 0.77 1.0737 141.
22 0.73 C.49 C.77 1*0331 1 33.
23 0.66 0*51 0.76 1 .0435 136.
24 C.66 0*51 0*76 1.0405 133.
25 C.64 P.5ft 0.76 1.0355 1 "1 •
26 P. 64 P. 50 0.7 5 1.C30C is>;.
27 0.60 C.51 0.74 1,0161 126.
28 0,69 0.49 0.74 1 .01*27 124.
29 0.75 C. 52 0.74 0.9746 1 ?**
30 0.70 0 ,SC 0.74 f?.9*£3 121 .
3 3 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 72 "F5ULTS FROM TYPICAL RI7J
3D
CRTFC/E 
EKF 
PP+LC 
PRACTICAL
1 1 1 - 1 - 1  2 6-1 
2 PARAMETER!S>
AVERAGE ACTUAL TIMES
STATE CONTROLWEIGHT HEIGHTC. 1OOB0E 01 O.OOOOOE 00 O.OOOOOE 00 O.IOQOOE 01
I CONTROL!S)
PrOCFSS MFA51*"FMEN7 NOISF NOISE0-250OPE or O.ArrrOE ?l 0.2SP00E ro c.APrrrE 01 o.escppe co c./joocoe oiO.OPPCCE 00 O.OOOOOE OP
DESIRED CONCENTRATION* 22.50 GH0L/M3
F-M5 ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION
iteration T TCO CA T TCO CAe C. 06 0.02 0.93 2,00 2.CO 2.00i 1. 14 0.06 0,65 1.29 0.52 1,992 e.3£ 1.C9 0*52 1.18 0.98 1.573 0.56 0.16 0.39 0.81 1.20 1.364 0.55 0.92 0.60 1.10 1.42 1.215 0.38 0.12 0.30 0.67 1 .04 1, 126 0.79 1.C2 1.10 0.80 0.89 1.037 C. 36 C.52 1,35 0.64 0.90 B,966 C* 21 0.04 1.27 0.70 0.52 0.929 C.71 C. 23 2.15 0.70 0.49 0.891C 0.60 0.35 1.47 0.70 0.49 0.861 1 0.33 C.69 1.30 0.69 0.4$ 0.8512 . C. 66 C.56 0.76 0.65 0. 50 0.8313 0.58 0.40 C.57 0.65 0.49 0.82'14 • 0. 52 C* 57 0.94 0. 67 P.50 0.81IS 0.81 0.29 1*01 0.68 0.49 0.8116 C.67 C* 54 0.73 0.68 0.49 0.8017 0.92 C.71 0.97 0.66 0. 49 0. 7913 0.1 1 C.2S 1.33 P.66 0.5C 0, 7819 C. 58 0.52 0.95 P.65 0.49 0. 77ac 0.35 0.07 0.94 0.70 0.55 0. 7721 0.54 C* 39 0.96 ' 0.68 P. 52 0. 7722 0. 18 0.29 C.13 0.65 0.49 0. 7623 C.C4 0.20 0.12 0.64 0.49 0.76£4 C.I6 0.30 0*40 0.65 0.49 P. 7625 0. 10 0.62 P.Cl 0.64 0.51 0.7526 0.24 0.15 0.46 0.63 P.49 0.7527 0.09 0.49 • 0,46 P.67 P. 54 P. 74£8 C.C6 0.6C 0.73 0.67 0. 50 C. 74£9 0. 1 5 0.C1 0.70 0.68 C. 50 0. 743C C. 35 C.37 0.79 0. 67 0.49 0. 74
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEITEFATION CRTFC E CPTFC E0 2.9865 69 34. 3.PP00 7071.1 2.3373 179 5. 2.9780 670.2 0.0153 1276. 0.4452 449.3 C.9821 930. 1.9920 355.4 0.6 39 4 691* I.I40t 303.5 P.5692 700. 0.9978 268.6 0.6691 736. 0.8366 244.
7 0.3659 760. 0.815! 227,8 0. 4451 744. 0.8022 213.9 C.6673 834. 0.7917 2C2.1C C. 7 469 756. 0,7802 194,1 1 C* 49 52 7C8 , P.7710 166.12 0.4015 606. P. 7657 179.13 C.4P71 561. 0.7622 173.14 0.3793 £70. 0,7564 161,1 5 0.2653 547, 0,7491 163.16 C.3406 468. 0,7432 153,17 C.£ 457 5C6. 0.7402 1 54,18 0.3792 522. P.7361 150,19 0.3637 £07. 0.7334 147,20 0.2233 47 6. 0.718P 144,21 P.. 372 5 465. nm 7P8 5 141.£2 C.5143 355 * 0.7C64 138,£3 r. 5 419 367. P.7CS1 135.24 C.E745 339. P.7PP3 1 33.2 5 C.4047 378. P.6999 13P,26 0. E U 4 41 1. 0 . (."9 4 120,27 0.5934 4r?. 0.6097 126,£3 ' C . 4 47 l; 427. 0.6041 124,£9 0. 4 67 C 424. 0.6771 1??,30 C.499 J 436. 0.67P0 120,
£c.ce53. CC 
20. CP 
SC. CR 22. OS
30. 42 £9. 32 28. 89oe.ss34.4331.3130.36 2S.47 32*99 34.7!31. 48 .34.622 5. 43 35. 49 35. 65 3G.0S 32* 1437.37 35. C2
£6 27. 33
27 34.-84
AVERAGE RESULTS OF I RUNS 28 30,. 5629 34.,C7
32 32.■ 22
AVERAGE BIAS STATE ESTI.’IATES
ERATION T TCO CA CRTFC E ITERATION * «C0 CA
0 -0.06 -0.02 -P. 9 3 -2.9865 6934. C £4. 0 3 23 * (C 31.821 1. 14 -P.06 -0.65 -2.3873 1795, 1 20-8 3 SC. 4 I 31 ,64
2 0.35 -1.C9 -0.52 O.OI53 . 1?76. 2 S3. 24 45.63 30.76
3 0. 56 -C. 16 -0.39 0.9121 ■930. 3 £9.31 23.65 £9. 6G
4 -0.55 -0.92 -0.6P 0.6394 691. 4 33.43 45. 1C 28.86
S 0.38 C. 12 0.3C 0.5692 700. 5 32. £? 24.C2 26. 63
6 -0.79 -I.02 1. 10 0.6691 786. 6 35.98 45, 56 24.36
7 0.36 C. 52 1.35 0.3659 760. 7 24. 17 23.90 23.788 0.21 0.04 1.27 0.4491 744. 3 32.7( £9.43 2 3,49
9 0.71 C* 23 2. I 5 0.6673 834. 9 32* 1 3 29.9 4 22.64
10 0,60 -0.35 1.47 0.7469 756. 10 31.39 29. 53 23. 13
11 -0, 3B -0.69 1.30 0 . 49 52 7C8. 1) 22.66 30.76 23.22
12 -0.66 -0. 56 0.76 0.4015 606. * . 12 33.(3 34.23 23.85
13 -0.58 -P.40 0.57 C.4P71 561. 13 34. 1 6 32.41 23.77
14 -C.52 -0.57 '0.94 C.3798 570, 14 33*93 30.97 23*2515 -0*8 I -C.29 1 .01 0.2653 547. 15 33.95 33.92 23* 1 4
16 -0.67 -P. 54 0.73 C.34C6 488. 16 33.9? 32.92 23.53
17 -0.92 -P.71 0.97 B.2457 506. 17 34.59 34.79 23.C8
18 -0. 1 I -0.25 1.30 0.3792 522. 10 34. 47 32.3C 22.30
19 -0,58 -0,52 0.95 0.3637 507. 19 35. C3 34* 25 22.9120 -0.35 -0.07 0.94 0 .223B 476. 20 34. 15 27. 42 22.84
21 -0.S4 -0.39 0.96 0.3725 465. £1 34. 12 34.1 5 23.C222 -0.18 -0.29 -0.13 0.5143 338* 22 34.76 35. 37 23.9223 -0.C4 -C. 2P -0. 12 O.5419 367. 23 35.23 34.27 23.75
24 0. 16 -P. 30 -0.40 0.5745 339. £4 34.93 32. S9 23.7125 0. 10 -0.6? P.01 P.6P47 373. £5 35. 24 36.98 23. 1 1
26 0.24 -0. 1 5 0.46 0.5964 411. £6 35.94 35.36 22.6127 0.09 -P.49 0.46 0.5984 407. 27 25. 13 29.83 22.40
28 -0,66 -0.60 0.73 0.4470 427. .25 35. 52 34.40 22.1329 -0.15 O.OI P.70 fl.4670 424. 29 34.94 31.41 22.25
30 -C.35 -0.37 0.79 0.4991 436. 30 34.93 33.67 22.23
PARAMETER 
ITERATION CRTFC
0 3.7 500
1 3. 150a
2 0.7482
3 -0.2186*4 C. 124f
5 0.1943
6 0.0944
7 0.3976
8 0.3154
9 0.C96Q
10 0.0166
U 0.2653
12 C.362 I
13 0.3 564
14 C.3(537
15 C* 4982
16 C.4229
17 C.SI78
16 C.3844
19 P.3998
00 C* 5347
21 0.3910
22 0.2487
23 0.2217
24 0 .J89C
25 0.1588
26 C.167 1
27 0.1651
28 0.3160
29 C.2965
30 0.2644.
2.00 1.29 I. IB 
0.61 1. 1C 0.67 0.80 0.64 0.70 P.7C 0.70 R.69o.r.s 0.65 C.67 C.6B 
0.68 
0.66 
0.66 0.6 5 C. 7 0 0.68 0.6 5C.64 0.65 0.64 0.63 0.67 0.67 
C. 68 0.67
40000. 45139. 45458. 46004. 46243. 462 34. 46143. 46174. 46190. 461OC. 46178. 46226. 46328. 46373. 46364. 46387. 46446. 46428. 46412. 46427. 46458. 46469. 46546. 46567. 4659 5. 46556. 46523. 46527. 46527. 46510. 46498.
fl FAS UP TM ENTS 
T TCO CA 23*97 20.53 30.8920.60 21.97 31.7329.65 43.76 31.9729.63 25.05 31.4532.61 44.61 31.0332.92 23.72 26.5536.73 4 5.31 23.4432.62 22.22 24.5031.56 29.45 23.8828.32 30.54 20.2531.53 30.07 25.5037.59 31.29 24.3535.60 39.22 27.5935.18 32.63 25.5133.91 29.43 22.8836.40 29.07 24.1933. 55 32.03 26.3636.45 33.13 22.1132.63 32.88 22.84Jv.66 32.40 23.7435-54 25.93 24.6333.98 30.54 23.7732.49 33.54 29. 1934.91 35.28 25*1633.20 29.81 25.7631.15 37.21 20.3534.07 34.01 20.20*-36.79 31.37 22.6333.92 34.11 20.2333.13 27.67 22.5934.90 30.09 21.19
TRUE STATES 
T TCO CA23.97 2r.5G 30.8923.97 20.35 30.9925*69 44.54 30.2429.87 23.49 29.2132.88 44.16 28.2632.97 24.14 26.9835.18 44.54 25.9534. 53 24.42 25.1332.97 29.52 24.7632.84 30.17 24.6P32.49 29. 15 24.5932.27 30.08 24.51 ‘33.01 33.66 24.6133. 58 3P.C1 24-3433.41 3P.42 24.1933.15 30.63 24.1533.32 32.38 24.2633.97 34.87 24.0534.36 32.06 24.1034.45 33,7 5 23.8 633.30 27.35 23.7933.53 33.75 23.9034.53 35.08 23.8035.19 34.07 23.6335,06 32.29 23.31 .35,44 26.36 23. 1236.13 35.22 23.0735.27 29.34 22-8534.84 33.80 22*6634-80 31.41 22.9534.62 33.30 23.02
TRUE OP NON! CPTFC 
,0.7635 0.7(35 0.7635 0.7635 0.7635 P.. 7*25
C.7635P.7635C.7635e.?635C.76250.7(35C.7635 0.7625 0.7(35 C.7635 C.7625 C.7-125 P.763S C.7635 0.7635 
G.7635 
0.7(25 C.7625 0.7635 C.7635 C.7635 C • 7635 0.7635 2.7(35
HAL PARAMETERS
4(934.4(934.4(934.4(924.4(9 24.4(924.4(934.4(524.4(924.4(9 3‘4.4(9 24.46924.46924.4(9 24.46934.4(924.4(9 34.4(724.4(924.469 24.4(5341 ■*4(934.4(9 24.4 69 24.4(9 24.46934.4(734.4(924.467 24.4(934.4(934.
TCO 
2.00 0.52 0.98 
1.20 
1.42 1.04 0.89 P.90 0. 52 C.49 
e.49 0.49 C. 50 0.49 0. 50 0.49 0. 49 C.49 0. SC 0 . 49 P.55 P. 52 r. 49 C . 49 0. 49 C.51 P. 47 0.54
o. srP.5Pe.47
STANDARD DEVI ATI ON CA CRTFC F.3-0600 2.9780 2.4452 1.9920 I . 1 4C 1 0.9978 fl.8366 0.8151 0.92 fl.Bf 2?0.59 0.7917C. 8 6 fl.7802 C.25 0. 771CC.7657 0,762?0.7564 C . 7 49 1 0.7432 0.7 47,2 P.7361 C.7234 C.7130 0.7035 0.7054 
0.7051 2.7022 f*. 69 99 0,7 5 C • (994 0.7 4 0.607R. 74 0.68 410.74 0.6771C• 7 4 P.6720
2.P0 1,99 1.57 1* 36 
1.21 
1.12 1.03 0.96
C.82 C.Bl 
0,8 ! 0.80 0.79 0.78 0.77 0.77 
C.77 
0.76 0.76 0.7 6 P.7 5
7071. 670. 
449. 355. 303, 26C . 244.227.
?13. 
2C2, 19 4. 186. I 79. 173. 168. 
1(3.153.154.
124
3 3 6
TABLE A»73 RESULTS FPOM TYPICAL RUN
MODEL;
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
ELEMENT I 2
3D
CRTFC;E 
EKF ‘ 
PP+GLC 
PRACTICAL
3 STATE! 5>
I - I  -1 P.
P PARAMETER!S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE
ELEMENTS WEIGHT
1 0 .10000E 012 e.OCCGOE OC
3 0*100OOE 01
9 IP 11 12 13 
? 3 -1  4 I
1 rOMTrOLtS)
PF0CES5 M EASIER EM ENT
noise noise
C.25P0CE GO C.4PPPPE PI 
r.pspocE pr c.4rrrcr pi 
C.2SPO0E CO P.APPPPE 01 c.crpppE or 
O.00CO0E GO
DES1RED CONCENTRATION® 22.50 GM0L/H3
AVERAGE RESULTS OF I PINS
-0.02 
1.12 0.18 
0.49 
-0.60 
0.29 
-0.84 
0.32 
0.20 
0.47 
0.40 
-0.39 
-0.70 
-0.57 
-0.84 
-0.75 
-0.51 
-0.93 
-0.25 
-0.54 
-0. 57 
-0.39 
-0.22 -0.01 
0.03 
0.24 
0.30 
0.06 
-0.69 
-0.10 
-0.25
‘ TCO -0.26 
-0. 15 
-1. 59 -0.76 -0.73 -0.24 
- 1. 10 0.32 -0.70 -0.04 -0.56 -0.41 -0.96 -0.08 -0.99 
-0.00 -0.42 -1.05 -0.32 -0. 55 -P.07 -0.06 
-0.6! -0.P6 -0. 54 -0.31 
-e. 12
-0.43 
-0.75 
0. 19 
-0.52
CA
-0
AVERAGE PI AS 
CPTFC 
85 -2.9865 
65 -2.3925
-0.33 0. 5248
-0.27
-0.65
0.46
1.40
1.41 
1.24 
1.62 
1.51
1.42 
0,53 
0.B6 
0.88 
0.99 
0.60 
1 .04 
1.29 
1.07 
0.95 
0.87
-P.P6
1.1734 
0.7474 O.5313 
C.6596 
0.3734 
0. 4559 
0.5714 
0.6496 
0.4035 
0.3462 
0.3519 
0* 3978 
C.3337 
0.3841 
C.2363 
O.4449 
P.4160 
0.4055 
0.369B 
0.5227 
0. 5599 
0.6678 
e.696S 
0.6968 
0.6912 
0. 5945 
0 . 59 5 5 
0.5971
6934. 
1859. 
1297. 
928. 
69 7. 
69 4* 
761. 
732. 
719. 
822. 
743. 
691. 
596. 
544. 
554. 
530. 
475. 
491. 
500* 
491. 
460. 
45P. 
372. 
349. 
318. 
353. 
383. 
378. 
39 7. 
39 3.
C3NT1-3LS ilEAfunniFNTS
[ TE1 ATI ON r :i 1r TCO CAC 2F,■ CO ?4,-P2 20,► 35 30,-95
'l 5?<► CP J?P,>60 21 ,.85 31.- 582 2Z,. 2 2 29,.61 42,► 37 3?.- 16
3 5C<. OC 29,. fO P5,► PP 31 .► 694 2?-..GO 3’ .■ f 1 44,- 52 30..995 52,.00 32,.83 23.. 54 26,.80C 2C,.00 36,- C9 45,.81 23..90
7 29..77 32.- 1x3 22,► 16 24.-71
3 34-► 16 31,,30 20,.67 24.► 019 26.. 42 PR. 67 33.,94 20,► 141? SV>7P 31,.98 20,. £9 25,► 661 1 32.► 90 37.► 66 30,► 73 2 5,,0912 30,.66 35,► 20' 37.► 57 27,-39
13 37,► 41 34.,65 31,► 89 25,► 93
1 4 3S.• 23 34.. 17 34..35 23,► IB
15 29..28 37.- 57 3C,.75 24..4216 21..96 23..94 30,.21 26,► 2517 31.► 24 35,► 00 35..23 22,-1616 33.. 66 29.,01 32.- 75 22,► ta19 33,► 34 3',-05 31 .. £3 23. 9320 *30.. 56 CC,.06 32. 01 25,,0621 33.• 51 34. 67 27,.97 23.- 7422 31,.24 31, 97 31..12 29,► 26
23 3a. 95 34..00 33,. 16 25., 3624 35..92 32. 55 31,.32 26.,29£5 34..78 30,,85 36,.25 20,,8926 31.► 5C 33. 64 33.• 60 20.,5627 34. 38 37.,09 34..13 23.,06
23 29..9 I 39.. 31 33..83 20,- 58
29 32.>45 33.► 39 27,► 44 22.■ 8532 33..16 34.-77 28..67 21.► 49
STATE ESTi:JATES true states
ITERATION r TCO CA 1r TCO CA
C 24.,?. 3 20..60 31. 82 24. 02 20.,3? 30..951 cc<.85 2C.► 41 3).. 49 23. 97 20.-25 30..842 23..47 44..74 30.► 83 23,,65 43,, 1 5 30,-453 ‘ 29.► 25 24.-20 29 ,>61 29. 74 23,,44 29..344 33.. 43 44. 3£ 28. 87 32,,A3 44..09 28..22
5 22-► CC 24.► 20 26..77 32. 23, 95 27. 236 35. 9e 45. 64 25* PC 35., 14 44,. 54 >26. 41
7 34,. 17 24..06 23* 94 34.,49 24,,37 25. 358 32,► 51 29..44 22. 65 32. 7 I 28.,74 24,.899 32.► 72 32. 61 22. 87 33. 19 33., 57 24.,69
1C 32.. 49 23..23 22,. 25 . 32. 68 27. 67 24., 761 1 .71 29, 94 23. 33 32 29. 52 24..7612 32.► 33 32. 97 23. S3 32. 62 32.• 01 24..4113 32..63 31.. 35 23. 89 33. 06 31.,23 24. 76
14 34. 51 36. 26 23. 61 33. 67 35. 26 24..49
I 5 25.■ r? 31. 51 23. 39 34. 32 31..51 24. 37
16 34.■ 22 3fT* 17 23..56 33. 71 29. 75 24.. 1517 24.. 2 5 32. 23 22. 07 33., 32 31..23 24. 1118 32,.79 24 22. 87 33. 54 31 . 92 24. 16
19 34.. 33 23..48 22..99 33. 64 32. 93 24..06
2C 34..59 33. 51 23. 21 34. 32 33.,43 24. 1 621 34. 67 31. 24 23, 09 34. 27 31. 18 23. 9522 34. £7 33. 26 23..93 34. 06 32. 65 23. 8723 34..28 32* C 3 23. 79 34. 27 31..96 23. 83
24 24,> 25 34. 34 23. 97 34. 4C 33.-80 23. 6334..90 35. 71 23. 33 35. 14 35.• 40 23. 66
26 35. 44 34. 93 22. 52 35. 75 34.,81 23. 4327 35. 5£ 22. 53 22.► 71 ■ 3 S. S7 32. 15 23. 23
23 35. 9 1 24. 32 22. 36 35. 23 33, 57 23. 21
29 35. 15 30. 99 22. 41 35. C6 31. 18 23. 2130 34, 74 32. 39 22..32 34. 49 31..87 23. 32
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES TRUE 0? NOMINAL PAPA'JETER5ITERATION T TCO CA T TCO CA ITERATION CRTFC E CRTFC E
C C.C2 C.26 a. as 2.00 2.00 2.00 0 3.7 500 42CC0. P.7625 46934.
1 1. 12 0.1 5 C. 65 1.29 C.52 1.99 1 3. 1 560 4507 S. C.7635 46924.
£ 3*13 1*59 0.38 I. 17 1.C6 1.57 2 C.C 337 45637. P.7635 46934.3 0*49 B.76 0.27 . 0.79 1.43 1,36 3 -0.4C99 46006. 2.7625 46934.4 C * 6P 0*73 0.65 1 • 04 1.46 1.21 4* O.CIGl ■ 46237. P.7625 467 24.5 0.29 C.24 C. 46 0.66 1.02 1.1! s 5 0.1822 46240. C.7635 469 34.6 C.S4 1. IC 1.40 * 0, 77 0*01 1.03 * 6 0. 1C39 46173. P•7625 46934.7 P.32 C. 32 1.41 0.64 0.86 0.96 7 0.3901 462C2. e.’ 625 46924.8 0*20 0,70 1*24 0.70 0.49 0.92 6 0.3C77 46216. 0.7625 46924.
9 0.47 0.04 1.82 0.67 0.50 0.89 9 e. 1921 46112. 0.7625 46924I10 C.4C 0.56 1 * St 0.68 0.52 0.86 10 0.1140 46191. C.7635 46924.11 0.39 0.41 J * 42 0.69 0.49. 0.85 11 0.3600 46242. 2.7626 46924.12 C.70 0.96 0.53 0.67 0.49 0.83 12 0.4173 46338. C.7635 469 24.13 0.57 0.08 0.86 0. 67 0.49 0.82 13 0. 4 I 1 6 4639C. C.7635 46924.14 C.84 0.99 C.86 0. 65 0.51 0.81 14 0.3657 46300. 0.7636 469 24-rs 0.75 C.CC 0.99 0.65 0.51 0.80 1 5 0.4298 46404. C.7635 469 34.
16 0.51 0.42 0.60 C.6B 0.50 0.79 16 0.3794 46459. C.7635 46934.17 0.93 1.05 1.04 0.68. 0.49 0.79 17 C.477 3 46443. 0 .7t35 46924.13 0.25 0.32 1.29 0.6B 0.49 0.78 18 0.3186 46426. C.7635 46924.19 C.S4 C. 55 I.C7 0.66 0.49 0.78 19 0.3476 46443. 2.7635 46924.20 C.57 C.C7 0.95 0.65 0.49 0.77 20 0.3 58 0 46474. P.7625 46924.21 0.39 0.06 0.37 0.67 0.50 0.76 21 0.3937 4648 4. 0*7625 469 24.25 0.22 0.61 0.C6 0,67 0.49 0.76 22 G* 2408 46562. 0.7625 46924.
23 C.CI 0.06 0.04 0.66 0.49 0.76 23 C.0C37 4658 5. C.7635 46924.24 0.0 3 0.54 0.13 0.65 0.49 0.76 24 0.0957 46616. C.7635 469 24.25 0.24 C.31 0*33 0.64 0.49 0.76 25 0.0670 4653 1. 0.7625 467*24.26 0.30 C.12 0.61 0.63 0,49 0.75 26 0.0667 46551. 0.7635 46934.27 0.C6 0.43 0. 52 0. 64 0.50 P.74 27 0.0723 46556. C.7635 46924.£3 C. 69 0.75 0.85 0.65 0.49 0.74 28 0.169G 46537. 0.7635 469 24.29 C. IP C. 19 0.80 O. 67 P.5C 0.74 29 C. 1 63 C 46541. 0* 7625 46924.
23 C.25 0.52 1 .CO 0. 68 0.49 0.74 3C 0.1664 46532. P.7635 46924.
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATIONITERATION CRTFC E CPTFC E ITERATION T TCO CA CRTFC E0 £.9365 6934, 3.0000 7071. 0 2.00 2.00 2.00 3 .CRCC 7071.I 2-3955 IB 59. 2.9779 669. 1 . 1.29 0.52 1.99 2.9779 669.2 0.5249 1297. 2.3834 448. 2 1. 17 1.06 1.57 2. 3324 443*3 1.1734 928. 1 .7059 354. 3 0.79 1.43 1 .36 1.7C59 354.4 P.7474 697. 0.9806 302. 4 1»C A 1.46 1.21 C.9836 3P2.5 8*5313 694. 0.8657 267. 5 0.66 1*02 1.11 0.3657 267.6 0.6596 761. 0.79 I 5 243. 6 0.77 0.0 1 1 .C3 C.7915 243.7 0.3734 732. 0.7352 226. . 7 0.64 0.86 0.96 0.7352 226.8 0.4559 718. 0.7263 212. 8 0.7C 0*49 0.92 P.7263 212.9 C.5714 . 822. C.7211 202. 9 0.67 C* 56 C .89 C.7211 ?C 2.10 C.6496 743. 0.7114 193. 10 0*68 0.52 0-36 C.7114 193.1 1 0*4025 691. 0.7P25 IBS. 1 1 C.69 0.49 C.85 0.7025 185*12 0-3462 596. 0.6964 178. 12 0.67 0.49 0.83 0.6964 178.13 8*3519 544. 0.6914 172. 1 3 0.67 C. 49 P.82 0 . 69 1 4 172.1 4 0.3978 554. 0 .GBR I 167. 14 0.65 C. 51 C.31 0,6321 167.15 C.3337 530. 0. 6B45 162. 1 5 0.65 0.51 O.B0 0.6345 162.1 6 C.03 4I 47 5. 0.6784 157, 1 6 0.68 0. 50 P.. 79 P.G7B4 157.17 0*Ps>63 491. 0.6721 153. 17 0.63 0.49 0.79 C.6721 1 £3.16 0*4449 5CB. 0.6668 ISO. 18 0. 68 0.49 0.78 C.6668 1 £0*19 C.416C 491. 0.6633 146. 19 C. 66 C.69 0.78 C.6633 146.20 0.4055 460. 0.6610 143. 20 0.65 0. 49 0.77 C.6610 143.21 0*3698 450. 0.6569 140. 2) 0.67 0. 50 C • 76 0.65C9 140.22 C* 5227 372. P. 6532 137. 0.67 0.69 0-76 0.6532 137.23 0.5599 34?; R.6494 135. 23 0.(6 C.69 C.7 6 C.6494 I 35.24 0*6678 313. 0.6468 132. 24 0*65 0.69 C:.76 0.6463 132.£5 C*C9f £ 353. P.6461 130. 25 0. 64 P. 49 0. 76 P.6461 1 30*r*!9!3 363. P.6458 128. 26 0.63 0.47 C.7 5 G. 64 6*5 ItB.27 0.(91? 378, 0.6436 IPe. 27 0.64 0. 50 0.7 4 C.6436 I 2C •23 0*5945 397. 0.6415 123. 28 0,65 0. 49 0*7 4 0.6415 122.£9 0.5955 39 3. 0.0356 122. 29 0.67 P.5P C.Y4 0 .G3SC I2S.32 C.597 I 402. 0.6300 120. 30 0.C8 0. 49 C.74 0.63PC 120.
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TABLE A.74 RESULTS FR0I1 TYPICAL FIN
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
2D
CRTFC/E 
I EFS 
PP + LC 
PRACTICAL
1 2  3 4 5 6 7 8 1 2 1-1-1 I 3-1
2 STATE!S) 2 PARAMETER!S) 1 COMT.POL! S>
AVERAGE ACTUAL TIMES
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
EL O'! ENTS VEiqilT VE1GHT NOISE NOISE
1 O.IOOOOE 01 O.0O0B0E 00 O.2S00PE 00 O.40OP0E 012 O.IOOOOE 01 O.250OPE PP P.4CPPPE 01
3 0.PPPOCE CO4 P.PPPOPE 0P
DESIRED CONCENTRATION- 22.50 GM0L/H3
ERATION T
AVERAGE RESULTS OF
AVERAGE DIAS 
TCO CA CRTFC
1 RUMS 
E
0 -0.02 . -1.37 -2.9865 6934.
1 1.42 -0.94 -2.6708 992*
2 0.59 -0.3! -1 •6P03 861.
3 1.42 -I.C6 -1.3753 562.
4 1.06 -1.04 - I .2437 542.
5 -0.63 0.07 -0. 5751 631.
6 -0.15 -C.7I -0.6337 410.
7 -0.95 -P. 10 -0.6469 49 5*
8 -P.66 0.01 -0.4731 426.
9 -1.25 0.64 -0. 5765 533. .
10 -0.61 I.OP -0.1670 602.
1 1 -0 .84 1.02 0.0649 627.
12 -0.79 1.01 0.2318 620.
13 0. 1 1 0.72 1.2060 588.
14 0.30 0,63 1.6324 609.
• 15 0.15 0.39 1.6615 574.
16 -6.35 0.39 1.2231 546.
17, -0.16 -0.08 1 • ?9 57 499.
IB -0.67 -0. 1 5 0.6244 436.
19 -0.75 0.01 0. 5697 432.
20 -0.71 0.08 0. 4974 431.
21 -0.40 0. 26 P.6347 453.
22 -0.49 0.45 P.2938 464.
23 -0.52 0.39 P.355S 464.
24 -0.37 -0,03 0.4728 432*
25 -0.56 -0.68 0.4509 335.26 -0.1 3 0. 1 1 0.5025 450.
27 -0.22 0.41 0.4339 473.
28 -0.57 0.43 0.2663 489.
29 -P.14 0.32 * 0.3401 471.
30 -0.16 0.00 0.5790 /•f 4.
f.:is ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATIONrSF.ATI 0*1 T TCO CA T TCO CA
0 0. 02 1.37 2.00 2.00
1 1.42 0.94 1.28 1.97
2 C. 59 0.31 1 .21 1.70
3 I. 42 1.06 1. 51 1.55
4 1.06 1.B4 0.99 1 .41
5 0.63 0.07 0.97 1*26
6 0.15 0.71 0.70 1.16
7 C.9 5 0. 10 P. 68 1 .07
8 e.66 0.G1 0.71 1.01
9 1.25 0.64 0. 70 0.97
IC C. 6 1 1 .00 G.76 0.93
11 0.84 1.22 0.81 • 0.90
12 C.79 1.01 0.73 0.88
13 . C.ll 0.72 0.75 0.87
1.4 C. 30 0.63 0.67 0.86
15 0.1 £ 0.39 P. 63 0.84
16 C.35 0.39 0. 67 0.83
1? 0. 18 0. 08 0,74 P.8218 C.fc? 0. 1 S 0.78 0.82
19 0.75 0.0! 0. 78 0.8!
20 0.71 C. 08 0. 74 0.80
21 0.4C 0.28 0.71 0.79
22 0.49 0. 45 0.74 0, 78
23 0.S2 0.39 0.76 0.78
24 0.37 0. 03 P.73 0. 78
25 0.56 0.68 0.69 0.77
26 0. 13 0. 1 1 0*69 0.76
27 0.22 0.41 0.72 0.76
25 C. 57 0.43 0*73 0.75
29 0. 14 0. 32 0.79 0. 75
30 6.16 0.00 0.73 0. 75
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION
‘ EllAT 1 ON CRTFC E CRTFC Ee 2.9365 69 34. 3. 00.00 7071.
1 2.67C3 992. 2.9935 1393.
2 1.6PC8 861. 2.7262 031.
3 1.3753 562. 1.9511 576* -4 1.2437 542. 1 .8094 443.
5 0.57SI 631. 1.6673 369.
6 0. 6837 410. 1.6700 322.
7 0.6469 49 5. 1.6762 290.
8 C.473I 42 6. 1.6586 266.
9 0.5766 533. 1.6422 247.
10 0.1670 6C2. 1.6033 232.
11 0.0849 627. 1.5430 219.
12 C.2B18 620. 1.5094 209.
13 I.2C60 588 * 1.4664 200.
14 1.6324 609. 1.4435 192.1 5 1. £61 5 574. 1.4337 185.
1 6 1.223! 546. 1.4154 179.
17 1.2957 499. 1. 3787 173.
18 0.6244 436. 1.3319 168.
19 0.5 69 7 432. 1.2990 163. »
20 C.4974 431. 1.2582 153.
21 0.6347 4S3. 1.2377 155.22 0.2932 464. 1.2100 151.
23 C.3555 46 4. 1. 1789 148.
?4 C.4 723 43?. ».1547 14 5.c 5 e.4?r9 38 5. 1.1417 142,
26 e.5025 450. 1.1809 139.
27 0.4339 47 3. 1.1117 137.
23 0.26(3 439. 1.09 IK 1 34.£9 P.341M 471. 1.0557 132.
30 P.5790 464. 1.2350 130.
ro* cp
so.PP 
50.CC 
PP. OPso. ce
20.OC 
33. 1 5 
26. 51 
3B.C4 
26.06 
32.07 
33.47
29.62
33.91
32.92 
31.75 
31.46 
30*90 
32.49 
33. 13 
33.77 
30.26 
32. 16 
32..73 
35.06
32.62 
31. 53 
32.33
27.62 
35. 47 
32.70
24.03 
22.64 
27. 18
32.68
33.30 
35. 55 
35. 16 
34.66 
34. 37
34.79 
34. I 1
33. 46
33.80 
32.95 
32.85
33.69 
34.36
34. 1 1 
34. S1 
34.46 
34.73
34.31 
34.94 
34.58
34. 56
35. 18 
35. 10 
35.01 
35.06 
34. I 5 
34,00
3,7500 
3,4343 
2.3643 
2. I 39 3 
2.PC72 • 
1.3336 
1, 4472 
1.4lC*4 
1.2366 
1. 340 3 
0.9 305 
C> 678 fc
CA
31-82
31.31 
30. 40 
29. 39 
27. 39 
25. 4P
25.00 24.02
23.75
22.96
22.31
22.27
22. 50 
22.79
22.76
23.01
22.97
23. 18
23.31 
23-P9 
22.92 
22.69 
22*33 
P2.4P 
22.62
23.28 
22.36 
22.07 
21*94 
22.20 
22.61
>17
-C.44
“C.5322 
0.1391 
0 .1938 
C.2 661 
0. 1253 
C.4703 
0.4053 
P.29C7 
0.3126 
P.261 1 
0.3296 
0.4973 
C.4234 
0.1645
2. CO 
1.2S 
1.21 
1.51 
0.99 
0.97 
0.70 
0.63 
0.7 I
C.U 1 
C.73 
0.7 5 
C. 67 
C.63 
0.67
4C0PO. 
45942. 
46073. 
46372. 
46392. 
46303. 
46E24. 
46439. 
46503, 
46401. 
46332* 
46307. 
46314* 
46346. 
4632 5. 
46360. 
46338• 
46435. 
46493. 
465e2. 
46503. 
4643 I* 
46470. 
46470. 
465C2* 
46549. 
46484, 
46461• 
46 445. 
46463. 
46470*
pr.r i 2?.56 32.9533.6537.22 35.07 33. 19 33.34 34.43
31. 1132.P4 32*57 28.C728.66 34.39 38.86 34.3? 39.02 34.8335.2433. 12
37.2334. 16 34.27 36.63 33. 1635.2536.23 ‘ 33.9532.05
24.02
24.06 
27.77 
34, IP 
34.36 34. 3^ 
35-0133.71
33.71 
33.54 
33.49
32.62
33.01
33.06
33. 15
33.84
34.01 
33.93
33.84
33.71
34.01
34. 40 
34.45
34.06 
34. 19
34.62
35.06 
34.30 
34. 49 
34. Cl
33.84
31*54 
32. 67
30.01 
27. 45 
24. (4
27.02
23.04 
24. 75
21.05 
?C. 65
21.92 
24.2? 
24. I I 
?«. 11 
26.
22.9421.62
21.56
22.46
24.35 
26. 19
18. 13 • 20. 3? 
20.55 
23. .70 
23.43
E STATES 
TCO CA
30.45 
30.33 
30. I f  
23.3?
26.35
25.47 
24.29 
23.9? 
23. 7( 
23. fft 
23.31 
23. 49 
23*51 
23. 51 
23. 39 
23.40
► 61
TRUE OR NOMINAL PARAMETERS 
CRTFC E
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
P.7635 
0.7635 
0.7635 
P.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
E.7635 
C.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635 
0.7635
46934. 
46934. 
469 34. 
4 69 34. 
46934* 
46934. 
46934. 
4 69 34. 
46934. 
469 34* 
469 34* 
469 34. 
46934* 
46934* 
469 34* 
469 34* 
469 34. 
46934. 
46934. 
46934. 
469 34. 
46934* 
46934; 
469 34. 
469 34. 
469 34* 
46934. 
46934. 
4 69 34. 
469 3 4. 
469 34.
STANDARD DEVIATION 
CA CRTFC E
3.0000 
2.9935 
2.7262 
1.951 1 
1.0094 
I . 68 7 3 
1.6780 
1.6762 
1.6586 
I .6422 
1.6033 
1.5430 
1.5094 
1.4664 
1.4435 
1.4337 
I .4154 
1.3787 
1.3319 
I.P890 
I .2532 
1.2377 
1.2 ICO 
I .1739 1.1547 
1.1417 
1.1299 
I. I I 17 
1.09 1 1 
1.05*7 
I .0350
2.00 
1.97 
1.70 
1*55 
1.4! 
1.26 
1. 16 
1.07 
1.01 
P.97 
0.93 
0.90 
0.89
0.8 4
2.82
0.81
0.80
0.79
0.7 6 
(1,76 
0.7 5 
C.7 5 
0.75
7071. 
139 3. 
831. 576. 
443* 
369. 
322. 
290. 
266. 
247. 
232. 
219. 
209. 
200. 
192. 
18 5. 
1 79. 1 73. 
1 68* 
163. 
158. 
155. 
151. 
149. 145. 
14F. 
1 39. 
137. 
134. 
1 32* 
130.
3 3 8
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 75
rrrt-LTf F"*ri typical nm
3D
CRTFC/E 
I EFS 
PP+LC 
PRACTICAL
2 4 5
1 -1 -1
t ?ArA::sTEr<s>
STATE CTIT-9LWEIGHT WEIGHT
• i cccse oi a.ecseoE op • eceesE ac . ieeo.es oi
lo n 1 
3 - i
r 13 u  i c 
3 1 1 1
1 CTJT"OL<S>
PROCESS MEAS!'"rirJT 
!J0 IEE NOISE
G.2F0BRE 00 0.40P00E 01 
e.asnpKE on o. appppe oi 
0.2BROKE 00 P.40000E 01 
fi.RCZOCE 00 
O.CC0POE 00
EESIF.ED co; I CSI TEAT I on* 22.50 GM0L/M3
AVERAGE RESULTS OF
AVERAGE 21AS 
f  TCO CA CPTFC E2.7.2 -P .47 -0.72 -2.96(5 6934.
1.14 - Z. FC -3.49 “2,5998 75B.
C.2S P.19 -1.2C -P.667? 189.
P.?£ -0.79 -P .31 -0.4685 214.
C.72 -1.11 -1.95 -C.2813 -37,
P.55 C.P2 -Z.23-0.19CS 19P.
-7*31 1.23 0.35 -0.ER93 46P.
£.21 0.23 -3.08 -C •7683 80S.
-C.24 -0.C4 S.C4 -0.(245 783.
T.IC -2.24 2.53 - r . 1(44 014.
n.14 C. 27 -0-21 -0.3315 779.
-C.71 P.?I 2.31 -C .3733 771.
-C.27 -f.75 -C * 53 -0-34(5 (76.
-C.19 0.P2 -0.13 -0.3937 642.
-0.C5 -C.PC P.25 -0.44(6 (77.
-C.33 7.03 P.04 -0.56(3 * 674.
2.C2 -0.47 -C.35 -P.53B6 626.
-r.44 -P.£4 0.41 -0.7553 666.
0-.43 C.21 P.21 -7.(436 710.
-C.26 -7.47 0.35 -0.7257 711.
-C.16 -7.32 -P .17 -0.7914 695.
-7.75 0.C3 0.Z4 -C.0551 (98.
C* 39 7.35 -2.98 -0.6774 (15.
C.C5 1.74 -P .28 -0.6672 593.
C.29 0.32 -C.41 - C•59 7 2 559.
2.42 1.2' C•32 -0.5578 601.
C.2C C.CC C.29 -C.S591 642.
-C.13 -C.47 C.P5 -C•5779 643.
-C.54 l.Ci C*42 -C.7310 671.
0.22 i«4l -C.CO- -0.6733 673.
-2.75 2.13 7.27 -0.75C2 697.
WFAfM'Tir n 
r t oz 27.►cn 24,.44 20,.81 31. 10J f r .► "7 O"-..»'*) 01.► tf> 31.87*2 57,► 7 2 87. 14 37..2? 32. *>32 .nr 32. 95 43..20 3fa 614 87*.23 37..77 47.<43 30.07
5 * ►cr 39..ac 27., 72 24* 796 20.►0 33.,42 41.,66 21.63
7 £7..27 36.,03 25,> 34 17. 53a 29..97 38.► C F 22,.06 22. 63
9 ' 29.► (5 27..08 26 ,► 47 19,24
13 21..96 31., P-( 31.► 2? 22, 6811 f “.■ 43 37,. 53 33,► 0? 22.4312 21.• 13 35,i 73 34.,36 26. 1613 32.► 53 34.► CD 31.► 36 23.3 414 37.► 74 34..05 31,.38 21.5?
; 5 23,► IC 37,► 24 3C<.36 ??• 53
K 32.► 93 33,.97 26.,20 24.3317 2T-.11 35,.76 34..97 P.P. 67
n 21.► 19 27,.92 32.► 63 an. pp
i? aa*-23 35.,63 09..45 22. 1?22 ► 99 35,,49 27..67 23.0521 29,.35 33,.(4 23..39 21.9922 53-► 46 30. 41 27,,84 27. C322 21,► 64 32,>89 35..0-2 24. 57
24 54*77 31.■ 58 29,.39 25.63
25 £9.► 34. 29..39 36,.17 20.62
at 27,► 12 31. 93 29,.79 20.CO£7 32 ■► 77 34, 96 3r<, eg 22.21£5 31.► 46 , 37.. 17 21,.33 19.(92? 24.► 71 31..9? 27..91 21.75
37 33.►72 33..63 23..41 20.23
STATE EFTT NATES Tm.»F. ::tatesITERATION TCO CA T . TCO CAz £4.• C3 27*67 31.► 32 24.► 76 20.21 31. 101 22 <► 92 2P.35 31.► (2 24,.06 19,.88 21. 132 65,*;7 27.3? 22. 71 26,. 15 31,.00 38.31
3 7?.• 34 47.4 2 37.■ 63 33.. 19 46., 64 23. 37
4 37,► 31* 43.17 29. 26 33, 74 47.► RP 27.30
5 22.► 23 23.12 26.>05 38. 85 23,. 14 25.22
£ 27. 15 39.77 23.► 79 36..87 47,.40. 24. 14
7 37.■ 74 £7.21 21.► 25 37. 95 27,.53 13. 173 34. 25 22.17 21.► 37 34..76 28..13 23.42
9 21<► (3 2? .44 21.► 26 31..80 26,. I? 23.79
17 31. 32 27. IF 21,.83 • 31.► 97 20,.37 21, 63.1 1 32,► 9 2 31-7P 22-.13 32. 32,.61 22. 1412 22,► 47 25.5 8 22..71 .33..22- 28..8P 22. 131 3 32.• a? 30.73 22..35 33.► 03 20,.75 22.67
14 22.► 63 22. 26 22..59 33.► 55 38,.29 22.34
15 34.>27 31 .r9 £2,. 57 33.■ 9? 31.. 1? 22.54
l( 22.►72 26. Cl 82., 55 33..74 25.. 55 82.23
17 23,► 73 31.16 22,.21 32.. 58 30,► 92 22.62
13 33,.21 31.4? 82, 77 33.► 6S 31,.81 22.23
19 33.► 68 21*27 22.► 19 33,.41 37..30 22.2527 22,► 91 29.41 22.► 32 33..75 29..79 22. 1621 2*.► 2? £6.57 22.► 15 33..24 26,► 68 22. 1922 32 ■► 1-7 25.C3 £3,• 18 32..49 29..38 22.24
23 32,► 51 22.77 23.► 32 32.► 56 33,.3) 23.04
24 32*► 1 1 22.77 22,. 58 33., 28 32,.37 23. IB
25 33,► 27 34.76 23,► C6 33..69 35,.32 23.39
S6 23-.83 37.92 22,► 49 34..24 3?,.99 22.8827 33.> C2 23.58 22.► 32 33.. 44 20,► 17 22.33
£3 33.«t2 27.71 21,►91 33.. R8 31..02 22.32£9 33..44 31.24 22.► 11. 33..66 31,► 65 22. 11
37 33.> 4C 26.49 21..78 33<► 35 26.► 61 22.06
RUS ESTIMATION ERROR AVERAGE FILTE" STAN"ARC SEVIATI ON
ITERATION T TCO CA T TCO CA ITERATION CPTFC E C^ TFC V0 0.C3 e.4G 0.72 2 .27. 2.00 0 3.75CG 4CCC0* P.7(35 46924.I 1.14 e.50 0.4? 1 * 23 0.61 1 .97 1 3.3533 46176. C.7(25 4(924.2 0. 32 D. 18 I.20 |.SC 1.(7 2 1.4314 467 4 5* 0.7(25 4 69 24.3 0.BS 0.78 2.31 1.29 C.C7 1.55 3 1.2320 46720. 0.7635 46924.4 0.73 I. 1 1 1.95 i.2» 1.44 4 1.0453 • 4(971. 0.7(35 46924.5 0.55 C. 02 0.83 0.88 0.96 1.22 5 0.954C 4(744* 0.7(35 46924.6 0.31 1.33 0.35 C. 7C c.s? 1. 18 6 1.2729 46474* P.7635 46/24.7 0.21 0.33 3.03 0.(3 0.77 I." * 7 1.5318 46129* C.7625 46924.8 G. 24 0.G4 2.04 0.75 O, RK 7.9? 8 1.38B8 4(2 1 1. 0.7(25 46924.9 0.16 2.04 2.53 0.82 P. £0 P . 9 5 9 0.928C 4G12C. 0.7C25 4'9 34‘.10 0. 1 4 C.27 0.21 0.75 0.4? P .9? 10 * C.8 450 4(155* 0.7(25 4(924.11 0.7! C.9 1 0.01 0.72 0.49. 7.90 11 I . 1374 46163* 0.7635 46924.12 0.27 0.7 5 0.53 C. 7? 0.49 C * 33 12 1*11GG 46258. P.762' 4 69 34.13 0. 19 0.B2 0.13 0.72 0.49 • P. 3 7 13 1.1(22 46292- 0.7635 4 69 24.14 0.C8 0.06 0.25 P.70 0. 49 0.16 14 1.210) 4(257. P.7C26 469 74.15 0.38 0.03 0.04 0.(9 7. 49 7.3 4 IS 1.3203 462(0* G.7C35 46934.16 0.C2 0.47 0.35 0.71 C.Sl 0.32 16 1 * 3021 46308* 0.7635 4 6934.17 0. 44 0.24 0.41 0.74 P. 49 P.F" 17 1.5193 4(2(8. e.7635 46934,18 0.43 0.31 0.21 0.71 0.49 P.31 18 1.4071 46224. C.7635 46934.19 0.26 P.47 o.es 0.7? P.49 P.?" 19 1.4893 46223. 0.7(35 46934.
20 O. 16 0.32 C.17 P.7P. 0.49 Z. 7? 20 1.5549 4623?. 0,7(35 469 34.21 0.05 C. 03 6.C4 0.72 SO 0.7? 21 1.6186 4C236* C.7(35 46934.22 0.39 0.35 0.83 0.72 C.49 0. 7? 22 1.4 4G9 46319* C.7635 46924.23 0.CS 1.04 0.28 0.70 0.49 7.79 23 1.4 3G7 4(341* C.7C35 46924-24 0.23 C.3C 0.41 0.C3 0.49 2.73 1 24 I. 2(07 4037 5. C.7635 46924.25 0.42 1.86 0.32. P.'-7 T.49 P. 72 25 1.3214 46233* P.7(25 46$34.
26 0.20 0.P6 P.. 29 0.(7 0.49 P. 7? 26 1.3226 46292. G.7625 46934.
27 0. 18 0.40 0.05 0.61 C.49 P. 76 27 1.3414 46291. 0.742 5 469 34.2B 0.54 1.01 G.48 C.78 0 . 49 p. 76 28 1.4945 4(263. 0.7(25 4 69 24.29 0.22 0.4-1 0.00 P. i? P. 4? P • 7C 29 1.4418 46256. P..7625 4 69 2 4 .
30 C.05 C. 13 0.27 0.7P 0.50 0.7* 30 1. 51 37 46237. C.7625 4(924.
INAL PA"AMETE"5
F.MS ESTIMATION ERROR AVERAGE FILTF° r "FVIATIDI STANTA^ D DEVIATION
ITERATION CRTFC * E C"TFC E ITERATION T TCO CA CRTFC E
0 2.9865 69 34* 2.PPCC 7071. 0 2* OC 2.00 2,0.0 3.P0KK 7071.
1 2.5898 7 58. 2. 5Vl f 144". I 1.28 C.51 1.97 2.9835 1442-2 0.(679 189. 1.(518 901. 2 i.ne 1. 66 1.67 !.(538 9S8.
3 0.4(85 214. 1.3249 (31. 3 1.29 0.67 1.55 I .2249 631 ,4 0.28)8 27. I.C£?9 474. 4 1.36 P. 52 1.44 1.0(29 47 4.5 0.19C5 19P. 0.9008 383. 5 ».83 C.9o 1.32 0.9CP.8 23 3.6 C.5093 461. P.8471 33P, 6 C. 7 0 0*80 1.13 P.8471 230..7 0.7633 805. P.1167 ?*'. 7 „ 0. 63 0.70 1.06 0.31(7 296.
8 0.6245 723. C.79(0 2"2. 8 0.7 5 C. 55 0.99 P.7963 272.9 0.1644 814. 7.7(68 253. 9 0.82 C.SO C.9 5 C.76C8 253.10 s.cais 779. P.74?( "G3. 10 0*7 5 0.49 0.92 0.7496 239.1 1 0.3733 77 1 . 2.7276 ?Pfa 1 1 6.7 2 r.49 e.9<* C.7376 227.12 0.3465 (76. fa7?79 f i t . 12 0.70 P. 49 C. 33 C.7279 216.
13 C.3987 642. P.717? 20'. 13 0.72 P.49 0.87 0.7173 234.
14 0.4466 677. P.7097 198. 14 K.7C 0.49 0.86 fa 7P97 193.
15 C,5(C8 674. C.7P4? 1? 1 * 15 11.(9 P. .'i9 0,8 4 ", 7--/ r 191.16 C.5380 626. P.'?*>9 1*4* 16 0.7 1 C.51 C.3 3 '•. ' 9 39 134.17 C.7SS8 ’ 666. p.'* ic 1 "fa 17 0.74 C.49 P.C'ilC 171.18 0.6436 7 1G. P • '?-*:£ 1 *?* 18 0.71 P.49 P.81 0.6743 173.19 C *7 257 71 1. P ."  IP 1'fa 19 G.7P, 0.49 0.80- C.(69C 161.20 0.7914 69 5. C. "  3 ? |6 3. 20 0.70 A. 49 0.79 P.. 6(39 163.21 0.8 551 698. p.c".: 1 e9. 21 0.72 8. 50 0.79 0.65(3 1 5922 0.6774 615. ?.(471 l.«C. 2? 0.7 3 C.49 C. 79 C.6471 15623 C.0C7? 59 3. r . ( 4 1 4 1 cfa 23 0.7 0 P. 49 C, 79 0.(414 1 5224 0.5V72 559. 0. ' 149, 24 C.63 C. 49 P. 78 (290 io25 0.5 57 8 601. ' . H 14*. 0.67 T. 49 P • 7 •> fa '274 14-r26 P.5591 642. 0. I 45. 26 0.67 C.49 C . 7 7 P.62'4 i ■*’27’ P.5779 643. P. r fa** 1 ..fa 27 0.C4 C. n't C.7C 9.'237 !4W
28 . 0.7310 67 I. P.'293 177. 28 0.71. tt.4? P. 7 6 0.6093 13729 0.6783 673. P.(**2 1 3fa 29 0.(9 P.49 P.. 7 5 P.. 62*3 1 orDP 0.7SK2 697. r.i£P4 133. 30 0.70 P.50 0.7b 2.(204 1 33
3 3 9
TABLE A.76 RESULTS FROM TYPICAL RUN
MODE!.: 
PARAMETERS: 
ESTIMATOR: 
CONTROLLER: 
REMARKS:
2D
CRTFC/E 
I EFS 
PP+LC
PRACTICALC DISTURBANCE)
LL EM ENT 
MU CODE
2 STATE! S>
® 10 I I  12 13 14 15 161 -1 -I 1 3-1
2 PARAMF.TFP( S> 1 CONTROL!?)
AVERAGE ACTUAL TIMES
ESTIMATION
4.84
control
3.23
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
ELEMENTS WEIGHT WEIGHT NOISE NOISE
1 0.10O00E 01 0.OP000E 00 P.25O0PE 00 e.4P0p‘0E PI
2 O.IOOOOE Cl O.250BOE OP 8.4PPO0E 01
3 0 .00600 E CO
a o.crrooE oo
DESIRED CONCENTRATION® 22.50 GM0L/M3
AVERAGE RESULTS OF 1 PUNS
ITERATION T TCO CA CPTFC E
0 0.03 -I.P4 -2.9865 6934.
1 1.43 -0.92 -2.6721 835.
2 0.61 -0.41 -1. 5713 803.
3 1.34 -1.11 -1.4443 517.
4 1.36 -C.94 -1.2141 464.
5 -0.24 -0.12 -0.3704 530.
6 0.47 -0.75 -0.4475 354.
7 -0.16 -0. 16 -0.3997 442.
0 -0.13 -0.47 -0.3429 406.
9 -0.34 0. 10 -0.5246 545.
10 -0.06 0.51 -0.3338 043.
n -0.12 0.94 -0.2103 632.
12 -0.13 1.01 -0.0433 675.13 0.26 0.59 0. 4451? 654.
14 0.59 0.67 0.4312 679.
15 0.25 0.23 0.4942 645.
16 -0.48 0.18 P.6444 .621.
17 -0.13 0. 19 P.6646 567.
IB -1.12 -0.23 0.6795 503.
19 -0.00 -0.18 0.9136 se3.20 -0.6B 0.06 0.9192 52 3.
21 -0.64 0,39 0.8345 522*
22 -C.60 0.61 0.9136 533.
23 -0.69 0.43 0.B893 531.
24 -0.28 0.21 0.8776 49 4.
25 -0.71 -0.37 0.9280 441.
26 -C.49 0.34 0.7171 504.27 -0.39 C.49 0.7554 S27.
28 -0.46 0.80 0.8331 540.
29 -0.56 0.45 * 0.7841 519.
30 -0.1 I 0.2 4 0.6570 506.
RMS ESTIMATION ERROR AVERAGE I
ITERATION T TCO CA 1
0 0.C3 1.24 2.
1 1.43 0.92 1.
2 C. 61 0.41 I.
3 1.34 1.1 1 I<
4 1.36 C * 94 0.
5 0*24 0.12 0.
6 0.47 0,75 0,
7 0.16 O. 16 a.
5 0.13 0.47 0.
9 0.34 0.10 0.
IC C.P6 0.51 o.
1 1 0.12 0.94 0,
12 C.13 i - e i 0.
13 0.26 D.59 0.
14 C. 59 0.67 o.
15 C.25 0.23 0.
16 fl» 48 0. 18 0.
17 C.13 0.19 0.
16 1. 12 0.28 a.
19 0.80 0. IB 0,
20 0.63 0.06 o.
21 0.64 0.39 0.
22 0.60 0.61 0.
23 0.69 0.43 0 1
24 P.20 0.21 0,
25 0.71 0.37 P,
26 0.49 0.34 0,
27 0.39 0.49 0,
26 0.46 0.80 0.
29 0.56 0.45 0,
30 0. 1 I 0.24 0,
CA2.00
1.97
1.70
1.56
1.42
1.27
1.16I .07
1.01
0.96
0.92
0.90
0.89
0.87
0.85
0.83
0.82
,65 0.75
2.9565 
2.6721 
I •5713 
1.4443 
1.2141 
0.3904 
C.447S 
0.3997 
ft.3429 
P.5246 
P.3383 
C.2I03 
0.0433 
C.4455 
C. 431 2 
0.4942 
P.6444 
0.CC46 
C.3795 
0.9136 
0.9192 
0.8345 
C.9 I 36 
P.5393 
0.5776 
0.4250 
C.7171 
0.7554 
P.5331 
0.7341 
P.6S7C
6934. 
83S. 
803. 
517. 
464. 
580. 
354. 
442. 
406* 
545. 
643. 
652. 
675. 
654. 
679. 
648. 
621. 
667. 
50 3. 
SO 3. 
SP3. 
522. 
533. 
531 . 
494. 
- 441 • 
£04. 
£27. 
540. 
519. 
506.
AVERAGE FILTER STANDARD DEVIATION 
CRTFC E
7071.
1431 .
8 50.
3.0000 
2.9936 
2.7235 
1.9376 , 
I *7998 
I .6774 
I .6702 
1.6567 
1.6507 
I . 6442 
1.6203 
I . 5188 
1.4352 
1.4166 
1.4125 
I .4098 
I .4081 
I . 3994 
1.3969 
1.3831 
I .3829 
I .3302 
1.3787 
I . 37 6 5 
1.3765 
1.3746 
1,3609 
I . 3430 
I .3309 
1. 3371 
1.3323
587. 
450. 
374. 
326. 
292. 
268. 
248. 
233. 
220. 
210. 
201. 
193. 
187. lBn. 
175. 
169. 
164. 
160. 
156. 
1 52. 
148. 
14 5. 
142. 
139. 
137. 
134. 
1 32. 
130.
ITERATION CONTftOLSTCI MEASUREMENTS T TCO CA0 2P, CP 24*06 3«. S3
• 1 PP.* 21 21*69
2 £3. ce 2K.61 3P.52
3 20..Ov 32.07 3P.06
4 £0. ce 34.00 27. 7e
5 2C.zz 37.79 24*556 34, 59 35.89 27.02
7 35. 53 33.67 22.87
3 34. 37 34.64 24-309 3ft- P? 36.34 20.22
12 23. 65 32.63 19*84
1 1 32. 83 32.61 20.62
12 34.93 3t -96 22.09
13 34. 36 27-61 23.0314 34. 34 28.96 2I.7P
15 34. 22 34. *6 83.87
16 27. 79 3R.60 23.78
17 41. 47 33-45 25*16
IB 35. 32 38-41 26*25
19 31.93 35.57 23.20 •22 • 23, 08 35. 16 22.3521 33. e? 32-59 21*7522 36. 53 36*92 21*81
£3 31. 52 33*99 22.61
24 37. 41 33*79 25.04
25 37. 22 35.46 26. 54
2 £ 36. 36 32-17 18.56 *27 32. 27 34.95 20.6523 36. 35 35-76 21*01
29 24. 61 33-51 • 24. IP
3C 36. 59 32-00 23.77
ITERATION
STATE ESTIMATES 
T TCO CA
TRUE STATES 
T TCO CAe 24. C 3 31*32 24.ET6 30. 58
1 22.63 31*46 24.P6 30. 542 27. 2C 3C» 53 27.81 30.123 32. 67 29-43 34-Cl 23.37
4 33.34 27.54 34.71 26.60
5 35.72 25.50 35*49 25.396 35. 36 25.04 35.83 24.287 34.35 23.91 34. 19 23-758 35. 14 23.78 35.01 23.319 35.79 22. 66 35-44 22*761C 3 5.23 21-99 35.01 22.501 1 33.3! 21-65 33-19 22*59
12 32.54 22.ee 32.41 23.0!13 32.53 22*52 32-80 23- 1214 32.85 22-49 33.45 23. 161 5 33.46 22-73 33.71 23.01
16 34.23 22*05 33-75 * 23.04-17 33.19 22.95 33.C6 23.1413 24.35 23.57 33.23 23.29
19 35.25 23*23 34-45 23.052C 34.61 22-85 33.93 . 22.91
21 34. 53 £2*70 33.88 23.0922 34,74 22-42 34.14 23.0323 34*57 22.51 33.80 22.9424 33.99 • 22.77 33.71 22.9725 34. 16 23*32 33.45 22*95
26 34.55 22*51 34.06 22.85£7 24.85 22-26 34.49 ' 22.75
?3 34. 47 22-02 34-01 22. B229 34.14 22*47 33.58 22.9230 33.9! 22*67 33.80 22*9!
PARAMETER ESTIMATES TPUE OF NOMINAL PARAMETERS
ITERATION CRTFC E CRTFC E
0 3.7 500 40CB0* e-7635 46924-
1 3.4356 46099- 0.7635 46924*
2 2.3348 46131 - 0.763S 46934.
3 2.2079 46417* 0.7635 46924*
4 1.9776 ' 46470- 7.7635 46924.
5 1.1539 46354- C.7635 46924*
6 1.2110 46580* 0-7(35 46924.
? I . 1632 46492. 2-7635 46924.
8 1.1064 46528. 0.7635 46924.
9 1.2881 46309. 0.7635 469 24*
10 I . 1024 46291* 0-7635 46924*
1 1 0.9738 46252* G.762S 46924.
12 B.8 118 46259. 0*7635 46934-
13 0.3130 46280* 0*7635 46924.
14 0.3323 46255* 0*7035 46934-
IS 0.2693 46286- ’ G.7625 46924*
16 C. 1 191 46313. 0.7635 46924*
17 0.0909 46367* 0.7635 46924*
18 -0 . 1 IS9 46431* e.7C2S 46934.
19 -0.1501 46431* 0*7635 46924-
20 -0.1557 46431* 0*7635 46934*
21 -C.6710 46412* 0.7635 469 34*
22 -C .150 I 46401* 0.7635 46924* t
23 -C .l258 46403* 0.7635 46924-
24 -0.1141 46440* C.7625 469.24-
25 -0.164S 4649 3* P.7635 46924.
26 0.0464 46430. 0.7625 46924.
27 O.C081 464C7. 0.7625 46924*.
28 -P. 0 69 6 46394. 0.7635 46924.
29 -0.0206 464! 5. 0.7635 469 24.
30 0.1066 46428* 0»7635 46934.
ITERATION T
STANDARD DEVIATION 
TCO CA CRTFC E
0 2.00 2.00 3.CC30 7071.
1 1.28 1 .97 2.9936 1431.
2 1.21 1.70 2.7235 850.
3 1.51 1.56 1.9376 587.
4 0.99 l*«C 1.7998 450*
5 0.97 1.27 1.6774 374.
6 0.69 1.16 1.6702 326. •
7 0.71 1.07 1.6S67 292.
6 0.67 1.01 1.6507 263.
9 0.67 P. 9 6 1.6442 243*
10 0.72 0.92 1.6203 233.
11 0.91 0*90 I .5153 ?£«•
12 0.88 P. 89 1.4352 21 P.
13 0.68 0.87 1.4166 201 •
>4 .0.64 0.8S 1.4125 193.
1 5 0.64 0.83 1 . 4P93 137.
16 0.64 0,82 1. *T31 180.
17 6.67 C.B1 1.2974 175-
18 0*64 0.81 1. 39 69 169.
19 0.63 0.60 1.3331 164.
20 0.63 0.79 1.3829 1 to.
21 0.64 0.78 1•3802 156.
22 0.63 0.73 1.3787 152.
23 0.6 3 0.77 I .3765 148.
24 0.63 0.77 1.3765 145.
25 0.63 C.77 1.3746 162.
26 0.68 C.76 1.3639 I 79.
27 0.70 0.7b 1.3430 137.
08 0.64 0.75 1.3399 1 14.
29 0.6 4 0.7 5 1.3371 na.
30 0.65 0.75 1.3323 13P.
3 4 0
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A© 77
2D
CRTFC;E 
I EF S 
PP+LC 
PRACTICAL
7 B
1 2 I - I -1 1 3-1
2 STATE! S) 2 PARAMETER!S) I CONTROL!S>
AVERAGE ACTUAL TIMES 4.8 5 3.25
DIAGONAL STATE CONTROL PROCESS MEASUREMENT
ELEMENTS WEIGHT WEIGHT NOISE NOISE
1 0*10000E 01 0.0000OE 00 0.250PPE 00 P.4PCPPE 0!
2 0.1OCIO0E 01 0 .2SPCCE 00 0.4PCCPE 01
3 * C.POOOOE 004 R.COOrOE 00
DESIRED CONCENTRATION** 25*00 GM0L/M3
AVEPAGE RESULTS OF 1 RIMS
ITERATION
-0.58 
1.73 
-0.O2 
0.43 
0.53 
-0.71 
O. 18 
0. 17 
-0. 19 
-0.22 
0.21 
0.07 
0.31 
0. 56 
0.71 
0.42 
-0.24 
-C.30 
-0.87 
-0.85 
-0.58 
-0.61 
-0.50 
-0.55 
-0.4 5 
-0.42 
-0.39 
-0.22 
-0.39 
-0.17 
-0.20
AVEPAGE DIAS 
CA CPTFC 
0.93 -2.9865 
P.59 0.4718
0.36 -P.. 6484 
1.01 -0.P472 
0.9C 0.0397
0.23 -0.1777 
1.09 -0.2026 
0.35 -0.1476 
P.64 -O.O720 
0.35 -0-1435 
0.93 0.0621
0. 1095 
0. 1224* 
P.4337 
0.5862 
0.5556 
P. 43 0.3653
0.09 C.3435 
-C.35 0.1453
-0.14 0.1360
-0.2? 0.1125
1.10
1.30
0.83
0.B5
-0.5O
0. 13
0.46 
0. 14
0. 1B73 
0,0592 0. 1110 
O.1106 
0.O439 
O,1333 
C.1327 
0.0794 
0.0892 
0.1733
6934. 
972. 
BSC. 
3P9 . 
223. 
517. 
146. 
357. 
320. 
543. 
715. 
784. 
761. 
751. 
793. 
779. 
71 1. 
627. 
516. 
515. 
521. 
561. 
570. 
567. 
521. 
449. 
537. 
566. 
582. 
555. 
545.
RMS ESTIMATION EF.ROR
0.53
C.71
1.09 
0. 35 
0.64
1.10
1.30
0.24
0.30
0.37
0. 42 
0.39 
0.22
RMS ESTIMATION 
ITERATION CRTFC 
C 2.9365
1 vl. 47 1B
2 0.64*14
3 C.C472
4 0.C 397
5 C .l777
2.00 
1 .60 
1.61 
1.48 
1.31 
0.82 
0.78 
0.92 
0.86
0.65
0.67
0. 63
0.69
2.00 
1.89 
1. 78 
1.55 
1.39 
1.30 
1.24 
1.18 1.12 
1.07 
1.03 
i.CP 
C.97 
0.95 
0.93 
0.92 
0.91 
0.90 
0.89 
0.B8 
0.86 
0.85 
0.84 
0.83 
0.82 
0.82 
0.81 
O.80 O. 79 
0.79 
0. 79
0.2P26 
C.1476 
P.075O 
0.1435 
0.0621 
C. 10.9 5 
C.1224 
0.4337 
0.5862 
P.5556 
P. 3633 
P.3435 
0.1453 
C.1360 
0. 1 125 
0.1873 
P.039? C» 1 I 10 
0.1 1*6 
C.P439 
P.I 33 3 
C. I 327
69 34. 
972. 
BS0. 
3C9. 
223. 
517. 
146. 
357. 
320. 
543. 
715. 
784. 
761. 
751. 
798. 
779. 
711. 
627. 
516. 
51 5. 
521. 
561 • 
570. 
SC?. 
521. 
449. 
5 37, 
566.
AVERAGE FILTER STANDARD DEVIATION 
CRTFC E
3.0000 7071.
2.2918 2918.
1. 5314 1477.
1.1145. 1016.
0.8992 785,
0•B 703 641.
0.8 48 5 536.
0.7978 463.
0.7626 410 *
0.74)6 369.
0.7207 337.
0.7CP0 312.
0.6783 290.
0.6657 273.
0.6614 257,0.6590 244.
P.6548 231.
0.6494 220.
0.6447 210.
0.6413 200*
0.6367 ' 192.
0.6332 185.
C.6273 179,
0.62OI 173.
C.6154 168.
0.6IOB 163.
0.(076 159,
C.6042 155.
0.5.959 151.
O.5903 148.
0. 58 54 145.
ITERATION
PESULTS
CONTROLS
TCI
FROM TYPICAL PUN
MEASUREMENTS 
T TCO CA
P PP, PO 49. 61 1 5.42
1 PP.• CP 40.86 17. 122 20. PP 39.65 . I7.PP
3 CO.MZ 33.60 19.83
4 it  ■CO 31. 17 20.75
5 20. cc * 35.79 • 19.706 20- 8B 34.42 23*81
7 £9. 06 31.05 20.968 26.83 30.02 23. 50
9 22. 01 31 .47 PC. 53
IP 23- 66 27. 53 20.91It 2C. 68 2G.37 22.07
12 27. 75 27. 01 23.8713 28..13 22.91 25.P4
14 27. 53 24. 11 23.88
15 24. 54 29.81 25. 19
16 2t» 41 34.02 26.26
17 27. 55 29.35 27.71
IB 29. 26 34.35 2B.65
19 25. 24 30.78 25-8322 30.,tc 3) • 10 25. 16
21 22. 51 28.63 23.96
22 27. 14 32.70 24.15
23 28. 52 29. 40 25.07
24 26. C6 £9.74 27. 55
25 3C. 17 31.88 28.99
26 26. IS 28. II 20.89 *
27 25. EC 30.81 23*06
28 22. 62 31.61 23.3129 29. 51 29. 1" ©A. Art
32 28. 71 27.25 26. 16
ITERATION
state estimates 
T TCO CA
TRUE STATES 
T TCO CA
C EC. 19 16. 35 49.61 I 5.42
1 42.97 16. 55 44.71 15.96
2 33.37 17.15 35.85 16.80
, 3 34.22 19. 15 34.75 10. 14
4 31.35 20.55 31.85 19.655 24. £0 20-76 33.49 20.53
6 34. 13 22. 16 34.36 21.087 31. 41 22.19 31. 58 21.848 30.59 23.16 30. 40 22. 529 30-79 22.73 30. 57 23.08
10 29-70 22.64 29.92 23.57 #
1 1 23.S3 22.94 28.95 24.04
.12 27.94 23. 43 29.25 24,78
13 27.24 24.29 27.90 25* 1314 27.39 24.5e 28.60 25.34
15 23.34 24.83 29.26 24.3216 29.41 25.08 29.17 25.5117 £9.25 25.60 28.9S 25* 69
IB 20.04 26.05 29. 17 2 S. 7019 20.51 25.82 29.65 25.6520 30.45 25.44 29.37 25.2221 32.53 25. 18 29.92 25.31 ‘22 32.42 24.79 29.92 25.37
23 £9-35 24.89 29. 3C 25.40
24 33.1 1 * 25.42 29.65 25.49
25 30.29 25.87 29.87 25.4126 22.39 24.96 30.CC . 2S.1827 3?. £3 24.63 30* 35 25. 1623 38.26 24.42 29.87 25. 1229 29.34 24.76 29.17 25.2230 29.24 25. 15 29.04 25.29
PARAMETER ESTIMATES TRUE Oc MOMIXHAL PARAMETER!
ITERATION CRTFC E CF.TFC £
0 3.7 500 40000. C.7635 469 34.
I C.29 17 459 6 2. C.7635 46934.
2 1.4)20 46034. 0.7635 46934.
3 C.81CB 46625. 0.7625 46934.
4* C.723S ‘ 4671|. 0.7635 469 34.
5 0.9412 4G417. C.7635 469 34.
6 0.9661 46788. e•7625 46934.
7 0.91 11 46577. P.7635 46924.
8 0.0355 46614. C.7635 469 24,
9 0*9070 46391. P.7635 46924.
10 0.7014 46219. C.7635 46924.
11 0.6540 46153- C.7635 46924.
12 0.6411 46173. C.7635 469 24.
13 0.3299 461B3. 0.7635 46924.
14 0.1774 46135. C.763S 46924.
15 0*2630 46155. C.7635 46924.
16 0.3952 46223- 0.7625 46934.
17 0.4201 46307, C.7635 469 24.
IB 0.6182 46418. 0.7635 469 24.
19 0.6275 46419. 0.7635 46924.
20 C.6S1C 464!3* C.7635 469 34.
21 0.5762 4637 3. 0.7635 46934.
22 0.6744 46364. 0.7635 469 24. *
23 0. 6 526 46367. 0.7635 46934.
24 0.6450 46413. 0.7635 469.34.
2S 0.7 196 4648 S. 0.7635 469 34.
26 0.6302 46397. P.7635 46934.
27 0.6308 46360. 0.7625 46924.2B E.6841 46352. P.763S 46924.
29 0.6743 46379. P.7635 46924.30 0.5902 46389. 0.7635 46934.
ITERATION T
STANDARD DEVIATION 
TCO CA CRTFC E
0 2.00 2.00 3. COCO 7C7).
1 1. 60 1*89 2-2918 2918.
2 1.61 1.78 1.5314 1477.
3 1.48 1. 55 l . l 145 1016.
4 1.31 1.39 0.8992 79 5.
5 0.82 I. 30 0.8703 641.
6 0.78 t .24 0*8485 £36. ©
7 0*92 I. 10 0.7979 463.
8 0.86 1.12 0.76P6 410.
9 0.79 I.C7 2.7416 369.
10 0,79 1.03 P.. 7 207 337.
1 1 0.79 1.00 0.7000 312.
12 0.00 0.97 0.6783 29C.
13 0.74 0.9 5 0.6657 272.
1 4 0.67 0.93 0.6614 2 57.
IS 0.65 0.92 O.6S90 P44.
16 0.67 0.9) 0.6549 231.S 17 a.68 0.90 0.649 4 220.
18 0.68 0.39 0.6447 210.
19 0.67 0.88 0.6413 BOO.
20 0.68 0.86 0.6367 192.
£1 0.67 0.85 0•6332 185.22 0.69 C.B 4 0.6273 179.
23 0.7 I C. H 3 0.62CI 172.
24 0.69 0.32 0.6154 IC9.
25 0.69 P.. 8 2 ft.6 ICS 163.
26 0.67 0.01 P.6074 l«'l.
27 0.6B O.EO P. 6C42 1 55.
PR 0.69 0.79 P.. 5 >99 151.
29 0.7C 0.79 C . 5.9P8 149.
30 0.69 C.79 0.5954 145.
3 4 1
TABLE A.78 "VI TYPICAL "I'M
MO DEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3D
CRTFC/E
IEFS
PP+LC
PRACTICALC DISTUFBANCE)
3 STATE! S>
I -1 -I ?. 6 - 1
2 PARAMETER! S>
1 1 1 1
AVERAGE ACTUAL TIMES
l r'vr'nLi*) 
c? :7riL
O.IOOPCE 01 P.PPflflBE OO P.?5P>?flE ™
o.poppre on p.25or*s ?•
MEASUREMENT 
MO I FF 
r .40000* ri r», a ” t r r f o i 
r./i?n?cr n
DESIRED CONCENTRATION® 22.50 GM0L/M3
AVERAGE RESULTS OF
1.45 
P.03
1. 89 
1.51 
0.9 4
-0.26 
C. 2 3 
0.19 
0.56
2. 14 
-0.74
-o.ar 
-pi. 19 
-0.09 
-0 • 38 
P. 00 
-0.34 
0. 39 
-0.25 
-0.17 
-B.02 
0.32
e. 50 
0.25 
-C.2I 
-E.55 
0.24 
-C.05
TCO 
P.C7 0.23 1*42 -I. 19 
-1. 10 
1.01 
2. 11 -0.C4 
-P.. 0 5 0.3! -0.35 P.P6 
-P.42 0. OB 0. 15 
0.J8 -R.rs -0.24 -0.32 0.31 
0. 1 2 0.70 
0. IP -0.41 
-P. 1 5 0.52 -0. 55 
-C.6P 0.14 
-C.36 0.02
AVERAGE PI AS 
CA CFTFC 
-1 .C? -2.9365 
-0.49 -2.5423 
-1.18 -3.0440 
-1.99 -2.0121 
-2.54 -0.991 I 
-0,95 -P .2508 
0.87 -0.4503 
0.17 -0.6234 
0.21 -0.4321 
P.95 -0. 1438 
-0.21 -C.8173 
0.06 -0.5136^ 
-0.52 -0. 57 44" 
-0.19 -0.6622 
0.25 -0.7301 
0.05 -0.3635 
-0.36 -0.3276 
0.34 -0.9092 
0.23 -0.3770 
0.01 -C.9212 
-C.l? -0.9250 
-0.02 -0.9327 
-P.36 -0.9181 
-0.27 -0.9743 
-C.41 -1.1643 
0.34 -1.4219 
0.33 -1.5419 
0.T6 -1.4602 
0.46 -1.2639 
0.01 -1.412C 
0.25 -1.3212
6934.
324.
??4.
68.
416. 
473. 
519. 
717. 
632. 
672. 
57 5. 
54". 
574. 
569. 
522. 
561.
605.
606. 
590. 
595. 
511. 
433. 
452. 
494.
535.
536. 
56*. 
572. 
593.
STI NATION EFPOF. 
T TCO
C.56 C.C? 
1.45 0.23
0.33 
1.39 
1.5! 
0.94 
C.26 
0. 23 
0. 19 
0.56
1.42 
1.19 
I . 1C 
I .01 
2. I 1 
0.04 
C.C 5 
0.31
CA 
I .02 
0.49 
1.18 
1.99 
2.54 
0.95
6.21 
0.9 5
0.14 0.35 0-21
0.74 T.06 0.06
0.20 0.42 C.52
0.34 C.C4 
0.39 0.32
P.02 0.70 0.02
0.32 P.IP 0.86
0.04 0.41 C.27
0.33 0.15 C.41
0.5C 0.52 0.34
0.05 0.55 0.33
0.21 P.dO 0.06
0.55 0.14 0.46
0.2 4 0.36 0.0!
0.05 C.02 0.25
2.00 
1.26 
1.00 1.21 
1.33 
C. 67 
P.. 69 
0.68 
C.73 
0.77 
fl. 73 
fl.75 
0.73 
0.73 
C.71 
0.69 
0.67 
fl. 67 
0.6? 
0.63 
0.67 
0.67 
0.67 
0.68 
0.73 
0.72 
0.74 
0.71 
0. 69 
0.69 
fl.63
P. 0.0 
0.51 
1.35 
0.65 
P. 55 
1.12 
0.5!
0.49 fl.cO - n.49 
0.49
0.49 
0.49 
0.49 
fl. 49 
P. 49 
0. 49
P.00 
1.97 
1.67 
I « 53 
1.43 
1 .32 
1.17 
1.08 
1 .01 
0.96
0.88
0.87
0.86
0.49 0.30
0.49 0.78
0.50 0,78
0.76 
0. 76 
0.75
CTJT-ILS "I"! -re:■> 1 TCI t r*» CA
- »*< PA,. 59 2" . f-8 ► 8!.1 f r -► * 0 01,1 r® 00» 2" " 1 1► cc2 50.. ro P7.► 76 23► 49 .29
3 50.. or 23.. 30 48 ► 25 31,, I®4 £0.-ro 37.,98 47-► 56 2®.>33
5 40.► 17 39.> 10 23,► 41 24,► 31( 25..27 37. 2? 39.► 26 22*297 2? 1,77 24,,76 27.► 35 22,.56
8 33..23 33,,40 29,.47 21,>829 29*, 30 29,, 76 33,► 43 17,.98
IP 31*►c? 3P.,98 31 ,. 36 22.► 69
1 1 20*> 52 23,. *1 32,► 7? 22.> 46
I? 32*> 25 36.. 19 36,► £2 2*.► 1 1
I 2 22.>73 3 5,,04 3?.90 23., 74
14 34.>SP 33,1 98 31 .93 21.► 36
15 24.> 26 36..79 33.. 6.4 22.► 5316 24*>75 24,>28 34,.33 24.. 5717 20*.34 26,. c4 38..67 00.. 7613 23* 54 30,,4? ?P<. 5 3 20,► PI19 24..44 35., 37 32 •. 1 1 Ot.,94
20 .33..07 35..09 32.► RC 23.► 0321 32.,85 jn.,85 30.,>71 22.► 06
et 44.,79 31.,08 31 ► 27 27,, 68S3 24,>24 22,,92 41 ,.34 24.. 78c4 4*.,79 22.,93 33.► 62 25., 70
25 34. 22 30., 16 40..8 6 20.,69 *26 34.• 7* 3P,,70. 23-► 84 20,► 0327 37,,27 35,,67 36,.14 22,► 3023 29..99 38.,28 36..93 19.>8329 25..29 32.,33 27.► <0 21., 6020 31..22 ' 33.,68 32.>67 00.>32
STATE F-STXMATFS TH:e istatesITS?AT13.: TCO CA T ’ TCO CA ♦
0 24.03 20-60 31.► 82 24. 59 20.> 68 30,>81
1 22-. 14 20-44 31,.29 PA- 59 20.► 63 20*.8!2 £5.► 77 37.8 5 31,,74 26.,50. 39,.27 30., F 6
2 21..64 47.27 30..37 32.■ 46,.69 28.,854 ’ 36 <► 74 48.2 4 29.. 1 1 38. 47,, 13 26.1 565 23 .21 27.82 25.,C? 39, 15 28..33 24.,746 35.► 94 2C*88 ?3,.93 35,,67 37,.99 24,,887 26..44 29.59 23..02 36,,67 29,.55 23. ?P
5 34.► 62 29.60 22,>49 34, 81 29., 54 22., 709 23-► 7S 32.75 PI,,57 ■ 34. 33.,06 22.-5310 32..74 20.73 22.■ CO 32.,88 20«,44 01. 791 1 22< 22.>C7 33. 19 31,,56 22., 1212 22.► ?! 21.4? 22.. £5 33. 61 21 ..07 22,, 1213 32..63 32.20 22.>75 23, 44 32..23 20. 5714 33.- 56 32*74 22.-42 33., 48’ 32..89 22. 67
1 5 23.>92 34.22 22., 44 33*, 54 34.,40 00., 4916 34..05 24.42 22..33 34. 05 34.,37 2®. 4717 24.• 4C 24.35 25.>36 34. 0-6 24.,61 22. 71IS 22*.76 21. 99 34. 1 5 31..7! PP. 2717 32..40 32. 1 5 22..06 33. 16 33.,46 22. 0620 22*I 53 34. 1C 22.• 30 33. 35 34..02 22. 1321 23..48 32.22 22*.23 33. 46 22..92 ®2. 26ZZ 22..34 22.52 23- 15 32. 16 32. 91 02.2922 33.. 1 5 41.03- 2 3..52 33.-20, 40., 63 23. 25
04 36.>47 36.25 23. 65 34. 79 26*, 10 23. 242 5 33.>96 39.49 23. 12 34. 46 40.,02 23. 4626 34.. 56 25.59 22,-53 34. 81 25. 05 22. 9127 34..26 34.7 I 22. 41 34. 15 24., 1 1 22. 47& 34..74 36.49 22.,00 34. I® 36. 63 22. 46
2? 24 •.26 21 • CC 21.>95 34. 50 31. 24 21. 9622 53.>45 25.35 21.• 89 33. 4? 35.,57 22. 15
PARAMETER ESTIMATES TPJ’E 9" NOMINAL PA"A*!ETE<
CPTFC
3.7 506 
3.3C58 
3.3075 
2.7756
1.7 547 
1.C143 
1.2144 
1.3370 
1.2456 
G.9123 
C.78C9 
1.2771 
1.3379 
1.4255 
1.49 36 
1.6275 
I . 5912 
1.6727 
1.640 5
1.C847 
1.6835 
1.6962 
1.6616 
1.7333 
1.9276
2. 18 54 
2.3CE4 2.2237 
2.0324 
2. 1756 
2.0847
40000. 
46100. 
46710. 
46666. 
46949. 
4671 3. 
46018- 
46461. 
46415. 
46217. 
46252. 
46264* 
463*9- 
46394* 
46360* 
46365* 
464!?* 
46373. 
46329. 
46323. 
46344. 
46339, 
46423. 
46446* 
46432. 
46440. 
46399. 
4t3®3. 
46368. 
46362■ 
46341.
CrTFC
0.7625 
0.7625 
P.7625 
C.7625 
C.7625 
e.762e 
0.7(35 
0.7625 
0.7635 
2.7635
0.7625
0..7635
0.7C3C
P. • 713 S 
0.7635 
0.7635 
0.7636 
0.7625 
0,7625 
0.7625 0*7(25P,7/75 
0.762c
46724. 
469 24. 
46934. 
46924- 
46924- 
46924. 
469 24. 
46924. 
469 3.4.* 
4'9 34. 
46924, 
46934. 
46924. 
4'9?4. 
4 69 24. 
46934* 
46924* 
46924- 
46? 24. 
46924.46924. 
4*69 24. 
4'724. 
46974. 
469 34.46924. 
4C924. 
46924. 
4'974. 
46924. 
4r7 24•
lTir-ATlD.J c"Trc E CPTFC F. ITERATION T TCO CA C"TFC £e 2. 98! 5 fc9 34. 3.11000 7071. 0 2.00 2.00. 2.GG 3.fTCC 7071.1 2.£423 834. P.9865 IAPP. 1 1. 28 C.51 1 .97 2.98Oe 1422.
2 3.0440 224. 2.2630 B95. 2 I.CC 1.35 1.67 2 .262G 895.
3 s .om 63* 1.9165 632. 3 1.21 S.65 1.53 1.9165 632.
4 C.9911 15. 1.5170 , 478. 4 1. 33 0.55 I. 43 I . 6170 478 ■£ ?.2£03 221. I.P118 388. 5 0.87 1.12 1. 32 1.2118 268.
fc 0.4£08 416. 1-2049 335. 6 C.C9 C.£! 1.1" 1.2009 335.7 0*6234 47 3. 1. 1393 299. 7 0.6B C. 57 1.05 1. 1393 299.6 0.4821 519. 1.1589 P73. 8 0.78 0.4? l.C! 1.15-9 272-
9 0*1435 717. 1.1284 P54. 9 0.77 P. 4V 0.96 1.1254 2® 4.
10 0*0173 632. * 1.1069 P39. IP 0.7 3 c. so. 0.9 3 1 .IRC? 229.
1 1 51 06 670. 1.0334 226. 1 1 0.75 C. 49 C.92 1 .C324 2? 6.
12 C.5744 57 5. 1.0633 215. 12 C.73 C.49 0.83 1 .0635 215.
1 3 0.6620 540. 1.0463 206. 13 C.7 3 0.49 0.87 I.R463 2Pfc»14 0.730! 574. 1.036*1 198 • 14 0.71 0.49 0..86 1.03'fl 198.
15 0.5635 569. 1.0097 19 1 • 15 0.69 C.49 P. 8 4 1.2297 191 .
16 0.5C76 5P2. I.OR75 184. 16 G .67 0. 49 C-83 1.0275 134*17 .>,4 56! * 1.0265 I 78. 17 C.C? 0. 49 0.82 1 .Of 6 5 n-3.
n 0.5770 t>C5. 1.0254 173. to 0«6 7 C. 49 0.51 1.0254 173.1? 0.9212 60 6. 1.0040 168. • 19 0. 68 0.49 C.RO 1.0240 16?.
20 0.9250 590. t.0236 164. 20 0.07 C.49 C.79 1.0236 164.21 0.93P7 59 5* 1.0035 1 AO. 21 G.67 0.49 C-.79 1.0225 160.
22 £•9131 51 1- I.0P35 156. 22 P. 67 C.49 £.78 1 .023 5 1
S3 0.9742 483* 1.015? 153. 23 c.ca 0. 54 P.7d 1 .01 *" 1 £3.
24 1. 16*2 450. 1.0-0?® 149. 24 0.7 3 0.49 0*. 7 '$ I .n0f ? 1ft?.
: j 1.4519 49 4. 0.4926 146. 25 0.7? 0 . * 0 R.78 0.9926 !'; ► I. 5..1? 535. C.470“ 14 3. 26 0.7 4 C.49 0.77 0.9? t? 1 AJ.;? 1.4(02 5 36. O • 9 7 0 6 1 4r. . 27 C.7 1 C . 49 ".77 C.9726 1 40.C j 1. .-9 5t 6. 0.9085 137. ?B 0.49 0.7 6 0. I2®.
19 i.4 i 5nf . 0.®O47 1 ?«*. 29 0.6? fC 0.76 0•9 647 1?:.
30 I . 3515 5)3. 0.963? 1 33. 3-1 C.63 P. <0 0.75 2.96 33 137.
3 4 2
MO DEL: 
PARAMETERS: 
ESTIMATOR: 
COMTROLLER: 
REMARKS:
TABLE A, 79 cruLT? rroM typical
3D
CRTFC;E 
I EFS 
PP+LC 
PRACTICAL
3 STATE! 5) P. !>ArAHETF**Cf»
ir n ir n u 15 i?
1 PTIT"*>LCf)
AVERAGE ACTUAL TllJE?
EFTINATION 
IW9C
DIAGONAL STATE CONTROL
ELEMENTS WEIGHT VEIGIIT
1 O.IGCGBE 01 fl.PPPPRF PP
2 fl.Or.CPOE AC
3 0.1OflflOE 01
MEAsr^ririr 
NOISE 
P.4PP"PE PI
PROCESS 
NO I SE .2F^PflE P*• or-proE or p.tr"te pi 
.rs" r^.E rr e.apppre n  .rorooE on
• CP.POCE PP
DESIRED CONCENTRATION® 25.00 GM0L/M3
AVERAGE RESULTS OF I V^NS
-0.03 
P.. 1 5 
0.74 
-0.05 
0. 17 
-0. 1 5 
-e.ifl 
0.P7 0.22 
0.46 
0.67 
-0.23 
-0.39 
-0 .I9  
-0.06 
-0.37 
-fl.fll 
-0.35 
0.40 
-P.26 
-0.19 
-0.03
0.25
P.43
6*20
-0.17
-0.49
0*21
-0.04
TCO 
-C.94 
-1 .29 
-0.95 
-0. 13 
-2.99 
-1.32 
-3.B9 
-0.13 
-0. 54 
-1.09 
-3.98 
-O.CO
-e . 11
P.05 
0.P5 
-C.P8 
-0.23 
-P.. 37 
-C.37 
P.02 
P.78 
-0.G9 
C.90 
0.50 
C. 19 
-0.31 
0.02 
-6.22 
-P.09 
0.05 
0.37
AVERAGE DIAS 
CA CRTFC 
-C.22 -2.9865 
-6.12 I.7R91
-1.19 0.6183
-2.1? 0.3974
-2.23 P.. 1084
-1.07 P.. 269 4
0.26 -0.P265 
0.55 0.P544
0-59 C*IF18 
1.7C 0.3730
C.93 0.1733
0.63 -0.0149 
-0.7C -O .1357 
-0.26 -0.1856 
0.30 -0.1953 
0.02 -0.2624 
-0.43 -P.P709 
0.42 -C* 3340 
0.35 -0.2611 
0.06 -C.3I54 
-O.rS -0.35PI 
Q.C3 -0.3660 
-0.9B -0.3475 
-C.26 -P .3527. 
-0.45 -C* 3346 
0.42 -3.2900 
0.44 -0.2608 
P.05 -0.2636 
0.46 -P .3100 
G.C3 -fl.3107 
C.?8 -0.3111
6934. 
932. 
-406. 
-542. 
-892. 
-223. 
353. 
383. 
437. 
780. 
594. 
475. 
307. 
246. 
299. 
297. 
214. 
266. 
336. 
332. 
306. 
309. 
197. 
1 65. 
121. 
178. 
233. 
233. 
268. 
275. 
3CP.
63. 15 
29.69 
29.74
£6.25
31.74
32. 1933. 29 
3I.7C 
27. 32 
£9-55 
23* C4 
29.79
ITERATION
STATE ESTIMATES 
TCO
50.19 
42. 1 3 
3? , 6 4 
26.5 i 
39 . 2 1 
27.C6 
23*48 
24.33 
31.27
21 .29 
21.76
♦ 03 
26.92 
23.CB 
41.52 
31.64 
42.67 
32*82 
22. ?6
21.92 27.39
31.96 27.S8
31. 52 
21. 34 
31.97.
32.02 
22. 44 
31.49
31.9 1 
31.PS 
31 .46 
29. 1 £ 
29. 57 
25.89
27.9 1
CA 
16. 35 
16. 67 
IB.95 
20. 54 
21.95 
21.56
£?.82
21.52 
21.20 
£2.09 
22.67 
23.99
24. 6C 
24.48
24.53
25. C3 
24.70 
24.30 
24. 33 
24.3] 
24.34 
2 5.77 
2 5.93 
26.23 
2 5. 53 
25.07 
24.94 
24.47 
24.39 
24.25
49. *4 
40.91 
39. ?4 
36. 59
33. 11 
30.86 
39.93 
32.49
30.C3 
27.45
33.97 
37.24 
33.05 
32. 69 
32.CO 
3C. 19 
32. 13
34. 14 
2B.64 33.27 
3?.«9 
32. 53 
29.75
31. IP 
30. 36 
P8. 28 
30. 54 
34. 31 
36.62
30.98 
31.74
"I
MRAS1,r*F I ENTS 
tpo 
49 . 00 
27.PS 
21.36 
42.95 
29.P8 
4P.93 
3P. 19 
19.93 
21.12 
40 . 9 1
29. 10 
22.64 
32.79 
30.28 
29.32 
27.83 
27.61 
34.58 
27.74 
24.71
30. 19 
25.87
CA
£6.65
32.27 
29.62 
31.61
30.28 
20.96
•29.79 
22.20 
25.C8
16. 12 17. 2R
19.48 20. 6522.49 19.87 18.04 24.71 
21 .21 18.35 23.97
23.6926.27 2 5. 51 23.4724. 64 26. 7023. 1 7 22* 60 24.2625. 5624. 66 30.10 27.2023.28 23.23 22. 63 24.8? 22. 3P 24.85
22.70
49, 56 
44. PB 
38. 38
36.33
33.33 
3C. I^ 
35. 33 
34.49! 
31.4? 
31.97
34.83
31.93 
30.47 
31.29 
31.7P
31.94 
31.90
31.66 
32. 36 
31.06
31. 14
32. 14
31.84 
31.37 
32.22
32.67 
32-64 
32.79 
32. 53 
32.65 
31.46
TRUE STATES 
TCO 
49. 09 
25.63 
22. 13 
41. 39 
28.65
41.35 
£8.92
22. 13 
21. 19
40.53 
28. 18 
21 .43 
27.24 
?9 • 67 
30.22
23. 59
27. 1 5
30.53 
26.91 
26.06 31.61 
29.PB
28. 19
21.36 
32.10 
30.76 
31 .48 
2-8.9 4 
29.48 
25.94 
£8.28
CA
16. 13 
16.55 
17.76
18.41 
19/72 
20. 35 
20. 55 
21.35
22.89
22.89 
23.06 
23. 35
23. 28
24. 34 
24. 78 
24.60
24. 60
25. 12 
24* 66 
24. 3924.67 
24.87
24. 79
25.67 
25.33 
26.00
25. 51 
24.99 
24.93
24.41 
24. 53
F.NS EST1 NATION ERROR 
ION T TCO CA
0.13 
2.9?
1.32 
3.39 0,26
C. 37 
C.C 1
P.35
C.22
0. I 2 
1.19 
2. 12 
2.23
1. £7
P.54 
I «39
3.93 P.93 
P. 63 
P.70 
0.26 
P.33 
C.P2 
0.43 
P. 42
0.50 C.26
P.49 P.P9
2.C0 
I. 54 
t . 44 
1 .02
0.80 
0.75 
0.69 
0.81 
0.86 
C.71 
P. 65 
0.71 
P.. 74 
0.70 
0.68 
0.68 
0.6.8 0.49
0.68 0.49
0.67 0.49
0.69 0.49
0.69 0.49
0.67 C.49
0.63 0.49
0.63 0.49
p.. 67 O . 49 
0.66 P.49 
0.66 0.49
0.66 0.49
0.67 0.49
0.67 0.49
P.. 69 0.49
2.00
1.51
0.63
0.90
0.78
R.7P
0.77
0.490.49
0.49
2.00 
1.88 
1.72 
1.55 
1.45 
1.36 
1 .30 1*21 1.10 
I.. <18 
I .04 
1.0! 
0. 98 
P.96 
P.94 
P.93 
0.91 
0.89 0.88 
0.87 
0.85 
0.3 4 
0.34 
0.83 
P.83 
0,82 
P.81 
0*80 . 
0*80 
0.79 
0.78
PARAMETER 
ITERATION CRTFC
0 3. 7 SEE
1 -0.9456
2 C.1452
3 0.3665
4 C.6S51
5 0.4941
6 C.7903
7 0.7 092
8 C.6117
9 0.38 55
10 0.5897
1! C» 7 78 4
12 C.S992
13 0.9 491
14 0.9538
15 1.0 259
16 1.0344
17 1.0975
10 1.0246
19 1 •0789
20 1.1127
21 1.129622 1*1110
23 1.1162
24 1.0931
25 1.3535
26 1.0243
27 1.0271
28 1.0735
29 1.1*742
3? 1.0746
TRUE OR NOMINAL FApA!!lTHff£
40?PC. 
46efl2. 
47 340.. 
47477. 
4782C. 
47 1 57. 
4653 I. 
46551. 
4C497. 
46154. 
46350. 
46456, 
466-27. 
46688.
466 35. 
46647. 
46720. 
46668. 
4659B. 4t6ea. 
46C2S. 
4662 5. 
46737. 
46769* 
468 1 3.
467 SC. 
46702. 
46701. 
46666. 
46659. 
46634.
CRTFC
P.’ €25
C.7635R.762E
0,7£3£
0.7635
0.7625
C.7635
P.7625
0*7635 
P.7625 0.7675 
P.7625
C.7635 
P.7(35 
P.. ? 62 * 
R. 7635 
C.7635 
e.7635 
C.762S 
T *7625 
C.7635 
P.7625 
P.7625 
C.763* 
P.. 7 € 2 e 
C.7625 
P.7625 0.7625 
3.7625
45924. 
46924. 
46924.- 
'669 24* 
46924. 
469 24. 
46924. 
46924. 
46924. 
669 24. 
66926. 
46-24. 
4(924. 
46924. 
46324. 
4(926. 
46924. 
4*9 26. 
46934. 
46924. 
46?34. 46924. 
46924. 
469 24. 
46924. 
46934. 
46924. 
46924. 
A'?24. f f7’ 4. 
A'*'"/ •
ITFTAT!CM crrrc £ “CRTFC E ITERATION T TCO CA CrTFC Ei" £•?.*6 5 69 34* 3.PPP-0 7P71 . 0 2.00 2.0 0 2. OP 3.PPOC 7071.
1 I. 7 29 I 922* 1 .C77S 3P39. 1 1.S4 1.51 1.85 1.0775 3029.s P .!183 4P6. P.8PP3 17 47, 2 1.44 0.63 1.72 0.3003 1 747,
3 2.3974 543* 0.A694 . 1 21 P • 3 l.iJS P.90 1* 55 P.6694 !?IP.
4 r.lP34 a??* 0.6186 902. 4 c.co 0.78 1.45 P.6156 902.
5 C.C594 £53. 0. C(K4 708. 5 C.7 5 0.70 1*36 3.5364 7?=U
o p.PCt 4 352* 0. *54? 572. 6 0.69 0.77 1. 3R 0.=542 572.
7 p .:*44 3d 3. O.5335 4° 4. 7 0.0 I 0.52 1 • •£ 1 0.5325 484.
8 p. i=i.% 437. 0. 5P85 404. 8 0.86 P.. 50 !. 13 O.506S 424.
9 ?, 3 * 5 P . 7BP* 0 * 48 I 5 38 I. 9 0. 1 I 0.73 1. CS 0.4315 381.
IP ?.172: 584. P • 4d4'1 34 5. 10 0.65 0.7 0 1*04 P.4643 345.
1 1 P.?149 4?d. 0 » 4 c8 1 316. 1 1 0.7 1 0.51 1 .01 0.453 I 316*
1C L’. 1 257 307. C,4503 293. 12 B« 7 4 0.49 0,93 P.4SP3 29 3*
13 P.15SC 246. 0.4457 274. 13 o. 7 e e.49 0.9 6 P.4457 274*
14 P. 1953 29° • 0.4431 257. 14 0.63 C.49 0.94 0.4431 257.
1 £ f . f  tC 4 2S7* 0.441O 343. 15 0.63 0.49 0,93 0.44 IE 243.I 6 ?ra 214. P.4386 232. 16 11.63 F. 49 0.91 P..43H6 23" i17 r. 53a.* £66. 8.4362 ?|1» 17 n.CH P. 49 0.3? 6.4362 £19.
15 C.C! 1 1 33b* 0.4344 209. IB fl.ol 0.49 0.83 P.4344 2»’ 9.
19 P.2154 332, 0.4316 20 1 . 19 0.69 P. 49 0.37 C.431C 20 1.
CC C.35PI 3C6* 0.4291 19 4. 20 n, 69 P..4'> 0.3 5 0,4291 19 4.
21 C.366C 309 ♦ 0.4279 187. 21 0.6V P. 49 6.84 0,4279 187.
22 P. 2 *.7 5 197. 0.4263 180. 2? O.oB P. 49 0.84 0.4263 I3C.r 7 2*2 55 7 1(5* P.4247 1 75. 23 0. 66- R. 49 0.83 0.4247 175.r ** r . : ?.*,c 121« 0.424" 164. 24 ? * 6? 0.49 0,33 P, 4240 169.:-f if.* 173. P . 4° 36 164. 2 5 0,66 0.49 R.32 F » 42~f 164.
Ct 332. P. 423? UP. 26 c.te P. 49 ?.a! 0. AC-1'* 16’ .
£ 7 ■C, Cl 233* P.4225 156. 27 0. 6 ? P. 49 P-.HA 0, /:5f*5 156*11 r.s ira 263. ?•4?1 A 1 52. 23 P.c7 0.49 * CJ.Ufl 0, 421/1 1 *.«.; v C.3IP7 £75. P.419* 148. 29 0.67 0. 69 0.7? 0.4196 143.22 2*3111 3P0. 0.417P 144. 30 P.. i.9 P. 49 0.7'i 0.4170 14*.
3 4 3
MODEL:
PARAMETERS;
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A.60 RESULTS FP9M TYPICAL RUN
2D
CRTFC/E
EKF CUM I FORM NOISE)
PP+LC
PRACTICAL
k i i -l -i
2 STATE! S) 2 PARAMETER! S> » C0MTP0LC5)
AVERAGE ACTUAL TIMES
STATE CONTROL PROCESS MEASUREMENT
WEIGHT WEIGHT NOISE NOISE
O*I 0000E 01 0.00P0OE 00 0.25CC0S 00 e.4CCC?E Pl 
0.2SOCCE CO C.4PCO0E 01 0 .OCPOOE OP 
o.oceooE oo
0*10000E 01
DESIRED CONCENTRATION- 22.50 GMOL/MD
AVERAGE RESULTS OF 1 RUNS
ITERATION measurementsTCI T TCO CAsr.co 24.?4 30. 51sr.rc Pl. 53 SO. 17sc.co 26-01 26.41
fr.r? P6. 15 3P.52
20. BC 31.16 26.89
EC • 00 29.61 27.25
sc.ro 29. IB 31.37
20.CC 29. 10 20.62
sr.oc 31.26 20.68
sr.re 34. 18 22.46
22.56 35. 14 23,47
3C.48 34.6) P6.60
34. 53 30. 10 28.01
23. PI 34.65 23.3537.77 31.01 26. 11
23.37 32.63 26.3222.24 34.63 26.48
32.57 33.40 26. 74
35.98 31. 52 23.64
34.81 33.71 23.86
33.41 33.22 24. 5132.C4 37. »5 24.81
??. 69 34.25 24.3133. Cl 34.89 21.85
32. 1C 36.24 24. 36
37.66 30.71 P3.84
SC. 03 37.80 P5.3337. 40 31.72 23.3229. 55 35.16 . 22. 10
33.03 33.48 25.1236.31 36.65 25.99
0.20 * 1.27 
0.04 
-0.58 
-0.06 
0*48 
-0-36 
0*6 5 
0.86 
1.02 
0.54 
-1.01 
-0.80 
-0.80 
-0.65 
-0.47 
-0. 39 
-0.73 
-0.43 
-0.37 
-0.02 
-0.40 
-0.43 
-0.75 
-1.10 
-0.24 
-0.70 
0.04 
-0.37 0. 16 -0.41
AVEPAGE DIAS 
CA CFTFC 
-1.32 -2.9865 0.42 -2.7059
3.64 -3.1570
2.33 -3. 3C87
3.05 -2.4707
3.43 -2.6211 
2. 18 -2.8581
1.54 -3.5798 
1.38 -3.7529
1.81 -3.6P59
2.14 -3.5194
1.73 -4.0967
1.25 -3.1721
1.62 -3.4100
1.54 -2.7191
1.31 -2. 4039 
0.43 -2.4149 
0.96 -2. 1355 
1.28 -1.7630
1.14 -1.6740 
0.92 -1.5336 
0.76 -1.6390 
0.75 -1.4359
1.13 -1.4689 
1.10 -1.6702
1.03 -0.6639 
0.74 -0.7770 
0.55 -0.1143 
0.82 - 0 .IOCS 
0.69 0.3228
0.45 0.1080
6934. 
2288. 
2374. 
1 587* 
1 539. 14CS. 
1078. 
9 54. 813. 
834. 
874. 
776* 
670. 
677. 
622. 
572. 
513. 
466. 
469. 
464. 
449.
425.4 t 1 •
426. 
404. 
421. 
374. 
377. 
387. 
367. 
334.
RMS ESTIMATION ERROR
ITERATION
0.20 
1.27 
0.04 
0.58 
C.Q6 
0.48 
0.36 
0.65 
0.86 
1.02 
C. 54 
l .o r  
0.50 
C. 30 
0.65- 
0.47 
0.39 
0.73
0.43 
0.37 
0.02 
C.40 
0.43 
C-75 1.10 
0.24 
0.70 
0.04 
0.37 
C. 16 
0.41
2.9865 
2.7CS9 
3. 1 570 
3. 3037 
2.47C7 
2.621 1
2. 5 53 I
3. 5798 
3.7529 
3.60 59 
3. 5394 
4.0967 
3. I 721 
3* 4100 
2.7191 
2.4039
2.4 149 
£.1955 
1.7C30 
1.6740 
1.5336 
1.6390
1.4 359 
1.4639 
1.67C0 
0. t f 39 
C.7 770 
0.1143 
p.irr.3 
C.3C28 
C.1C3C
CA
1.32 
0.42
3.64
2.33
3.05
3.43
2.18
1.54
1.33
1.81
2. 1 4
1.73
1.25
1.62
1.54
1.31 
0*43 
0.96 
1 • 28
1.14 
0.92 
0.76 
0.75
1.13 1.10
1.03 
0.74 
a. 55 
0.82 
0.69 
0.45
AVERAGE FILTER STANDARD DEVIATION 
T TCO CA
ERROR
E
69 34. 
2288. 
2374.
1 587. 
1539. 
140 5. 
1078. 
954. 
813. 
884. ’ 
874. 
776.
67 0.
67 7. 
622. 
572. 
518. 
666. 
469. 
464. 
449.
425.
41 1.
426. 
4C4. 
431 • 
374. 
377. 
387. 
367. 
334.
2.00
1.30
1.02
0.92
0.92
0.76
0.80
0.80
0.72
0.840.72
0*82
0.83
0.76
0.84
0.75
0.76
0.79
0.77
0.71
0.69
0.7O
0.73
AVERAGE FILTER 
CRTFC- 
3-0000 
2.9857 
2.9566 
2.8939 
2.7985 
2.7331 
2.7329 
2.6799 
2.6763
2. 5995 
2.5961
2. S37 4 
2.4712 
2.4437 
2.3683 
2.3408 
P.3100 
2.2635 
2.2261 
2.2153 
2.2114 
2•2048 
2.1833 
2.1232 
2.0647 
2.0083
1.99 5? 
1.9536
1 • 9/ifi?
1.8949 
1.8 422
2.001.99 1.561.32 1 • 19 
1 • 10 
I .02 0.98 0.95 0.92 0.89 
' 0.86 
0.84 0.84 0.82 0.82 0.81 0.60 0.80 0. 79 0.78 0.77 0. 77 0.76 0. 76 0.76 0. 76 0. 75 0. 75 
0. 74 n. 75
STANDARD DEVIATION 
E
7071.667.449.
362.
31 1.• 276.252.233,218.206.196.1B8.181.
174.
169,
164*
159.1 55.I 51.
14B,
145.141 .
139.136.
133.131.129.
127.105.
I 23*
121.
STATE ESTIMATES TPUE STATESITERATION T TCO CA T TCO CA2 24. £3 31 .32 24.24 30.51
1 22.97 30. 1 1 24.24 30. 54
2 24.20 26.80 24.24 30.433 24.0 1 28.21 24.24 30*544 £9.19 26.72 29. 13 29* 775 £9.£i 25.66 30.09 29.086 23.33 26.39 28.47 23. 577 31.49 26. 12 32. 14 27. 65
8 31-45 2 5.64 32. 32 27.019 34-04 24.22 35.06 26.0312 33.32 23*26 34. 36 25.4311 32.93 23. 55 31.97 25.2812 32*42 24. 17 31.62 25.4213 33.51 23.66 32.71 P5.2714 32.57 23.74 31.93 25.2815 33*31 24.02 32-84 25.3316 33.67 23.99 33.28 24.4217 22. 53 24.C6 32.30 25.0213 33.54 23.70 33. 10 24.9819 34. 33 23.53 34.01 24. 66£2 34.92 23.58 - 34.68 24.42£1 35. £3 23.42 35. 10 24. 17£2 35.31 23.31 34.03 24.0623 34.94 22.83 34. 19 23.96£4 25* 16 22.96 34.06 24.0625 34.47 23.09 34.23 24. 1 126 35.71 23.33 35.01 24.0627 34.93 23. 12 34.97 23.6723 35. 64 22.93 35.27 23.7529 ~ 34.9C 23.07 3S.06 23.7633 25. 11 23.31 34.71 23.77
PARAMETER ESTIMATES TRUE OP NOMINAL PAFAMET;
ITERATION CRTFC E CnTFC
0 3.7 5CB 40BCO. C.7625 46934.
1 3.4 69 5 4464,6* C.7625 469 24* 1
2 3. 9205 44560. C.7635 469 34.
3. 4.C722 45347* C.7635 46934.
4* 3.2342 ' 4539 S. C.7635 46934*5 3. 3846 45529* C.7635 46934.6 3. 621 6 458 56. 0.7(35 4(934*7 4. 3433 45980, C.7635 4(934.8 4. SI 64 46121. 0.7635 46734%
9 4. 3694 460 50* P.7635 46924*10 4. 3 530 4606?* 0.7635 46924.
11 4.8 602 461 53* C.7625 46934.12 3.9 356 46264. 0.7625 46934.
13 4. 1736 462S7, 0.7625 46924*14 3.4826 46312* C.7625 46934.1 5 3. 167 4 46362. C.7625 46934.
16 3. 1734 46416. C.7625 46934* •17 2.9 490 46468, C.7635 46934*
18 2.5265 46465. C.7635 41934.19 2.4376 46470. 0.705 4(934.20 2.2971 46485. 0.7635 46924*21 2.4026 465C9, C.7635 4(934.22 2. 1994 46523. 2.7635 46934.
23 2.2324 46538. C.7635 4(9 24.24 2.4335 4653B. 0.7625 467 24.
25 1.4274 46533. C.7625 4(934.26 I. 540 5 46560. C.7635 46934.
27 0.8778 46557. 0.7(35 4(934.
28 0.8643 46547. 0.7635 46934.
29 0.4407 46567. 0.762S 4(934.
30 0.6556 46600. 0.7635 46924.
STANDARD DEVIATION
ITERATION T TCO CA CPTFC E0 2.00 2.00 3.CC0C 7P71 .
I 1.3C 1.99 2.9357 667.
2 1.02 I. 56 2.9566 449.
3 0.92 1.32 2.8989 362.
4 C.92 1 . 19 2.7985 311.
5 0.76 .*•10 2.7831 2 76.
6 0.00 1 • C 2 2.7329 252*
7 0.80 0.98 2.6798 223.
8 0.72 0.95 2.6768 218.
9 0.8 4 0.92 2.£99 5 2C6.
10 0.72 0.89 2. 5961 196.
11 0.82 C.86 2.5374 188.
12 C. 8 3 0.84 £.4712 181*
13 0.76 C.84 2.4437 174.
14 0.84 p. 82 2.3683 169.
15 0.7 5 0.82 2 .34C8 164.
16 0.76 C.B1 2.3)OK 159.
17 0.79 0.80 2.2635 1 56.
18 0.77 o.eo 2.2261 151.
19 0.7 I 0.79 2*2153 143.
20 0.69 0.70 2.2114 145.
21 e.70 0.77 2.2042 141.
22 0.73 » 0.77 2. 1833 139.
23 fi.8 J 0.76 2. 1232 136.
24 0* BC 0.76 2 • C 6 4 7 122.
25 0.80 C * 76 2. V.r.tifi 1 311
26 0.70 0.76 1 .9959 12b.
27 G.76 0.75 1.9586 U L
28 0.69 C.75 1 .946? 125.
29 0.78 0.74 t . 89 49 123.
30 0.78 0.75 1,842p 121.
3 4 4
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A * 8 1 RESULTS FROM TYPICAL PUN
2D
CRTFC/E
EKFCAUTO CORRELATED NOISE) 
PP + LC 
PRACTICAL
2 STATE! S)
I -i -i i n
2 PARAMETER! S) I CONTROL!F>
AVERAGE ACTUAL TIMES C.24 2.96
DIAGONAL STATE CONTROL FPOCESS MEASUREMENT
ELEMENTS WEIGHT WEIGHT NOISE NOISE
1 O.IGOOOE 01 (1 • (50000E PO 0.25PCCE OO e.4?rPPE PI
2 O.100OOE 01 P.25PRPE PP 0.4PPPPE PI
3 0.PPPPPE PO
4 ' 0.OPP0PE 00
DESIRED CONCENTRATION* 22.50 GN0L/M3
AVERAGE RESULTS OF I RUNS
CONTROLS 
TCI 
PC.PC
2P.C0 
SC. CO 
se.oc 
35.63 
21.15 
27. S3
24.26 
29. 42 
3?.35 
33-97 
25.92 
31.13 
25.30
23.26 
32. 41 
25.9 5 
27. 36 2C.9 1 
24.46 
31. 10 
31-63 
33.24 
30.0 3 
27. C8 
35.41 
25. 69
•1FASUPFMFNT 
r TCO . 10
2P.42
26.63 
?7* 41 
30.68
32. 47 
3C.20
33. 16 
32.79 
33.2? 
32.04 
31,26 
30.21 
27.33 
25.86 
25. 14
31.63 
2) ,81 
35.94 
35. 52 
35.61
34.64 
35.25 
34.81 
33.89
34. 58 
33.72 
34. 37 
3S.48 
34. 46 
33.57
CA 
3P. 48 
31 .29 
30. 78 
30. 50 
29 . 69 
27.52 
28.47 
27.01
26.54 
24. 55
22. 70 
21.80 
21. 77 
22.37
21.97
22.89
23. 55
24. 72 
£6.26
25.90
25. 58 
24.2623.57
23.54
24.90
26.98 
23.85 .
22.57 
21.65 
22.69 
23. 37
ITERATION T .TCO CA CPTFC E ITEFATION T TCO CA T.0 0.P7 -1.14 -2.9B6S 6934. 0 24. C3 31 .82 24. 10
1 1.58 -0.67 -2.53 57 1986. 1 22.43 31.25 24.06
2 2.21 0.09 -2.8579 1641. 2 £6.3 7 29.89 29.08
3 2.31 0.P8 -3.2674 1 340. £7. 69 23.82 30.00
4 2.32 -0.13 -3.6575 1137. 4 30. HP 27,90 33-15
5 1.82 -P.P2 -3. 5P30 1037. - 31.25 26.46 33. 1*0
6 0.32 -0,03 -3.6643 859. 6 30.33 26* 10 30.627 0.69 . -0. 13 -3. 6775 819, 7 3 3.27 25.66 33.75-
B 0.60 -0.08 -3.7247 745. 8 32.51 24.86 33.4)
9 -0.20 0,28 -3.7197 736. 9 33.35 24.30 33. 15
10 -0.12 0.73 -3.6202 766. 1C 33. 4C 23. 54 33.23
11 -0.4 5 1.26 -3.3625 8C3. 1 1 32.99 22.97 32. 5412 -0.66 1.66 -2.8708 826. ' 12 32. 10 22.64 31.45
13 -0.20 1.76 -1.7611 833. 1 3 31.34 22-74 31. 1414 0.53 1 .80 -0.69 42 651. 1 4 33.96 22.78 31.49
15 0.66 1.61 3990 854. 1 5 31.7P 22.94 32.36
16 0.68 1.6? -P .3663 64P. 1 6 31.56 22.67 32.23
17 0.19 1.22 -P .2423 809. 17 31.33 23. 1 3 32.01
10 -0.33 0.73 -C .2084 758. IS 33-39 23. 54 33.0619 -0.41 C.B3 -P.B643 712. 19 32.3 6 23, 37 32.45
20 -1.13 0.76 -1.2272 676. 2G 33. 44 23.43 32.32
21 -0.98 e.ee -1.4013 659. 21 33.60 23.27 32,62
22 -1.44 1.05 -1.8734 649. 22 33.52 22.93 32.06
23 -1.76 1.2? -2.C7B9 637. 23 23.7 3 22.91 31.97
24 -1.65 1.24 -2.1436 609. 26 33. 1C . 22.97 31.45
25 -1.69 0.94 -2.1764 560. 25 33.24 23.43 31.36
26 -I.S I 0.9) -2 .15B8 553. ► 2 6 33.61 23.28 32. 10
27 -1 .47 1.05 -2.2040 558. 27 34. 13 23.02 32.7128 -1.39 1.30 -2.3694 563. 23 34. 44 22.64 33.06
29 - I  .56 1. 36 -2.4323 566. 29 34.21 22. 54 32.45
30 -1 .51 1-13 -2.3200 56P. 3e ' 34.42 22.76 32.38
CA 
30.68 
30.58 29.98 
28.09 
27. 76 
26.43
26.03 
25.53 
24. 77 
24. 58
24.27
24.23 
24.30 
24. 51 
24. 58 
24. 55 
24.49 
24.35
24.28
24.20
24.24 
23.95
24.03 
24. 13
24.21 
24. 37 
24. 19 
24.07 
23.94 
23.90 
23.88
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES TRUE 0"° NOMINAL PARAMETERSITERATION T TCO CA T TCO CA ITERATION CRTFC E CPTFC r
0 0.C7 1.14 2. CP 2,00 0 3.7 55*0 400CC. 0.7625 46924.
1 1.58 0.67 1.30 1*99 t 3. 3492 44948. e.763S 46934.2 2.21 0.09 1.23 1.57 2 3. 621 4 4529*3. 0.7635 46924.3 2.31 0.68 0.94 1.36 3 4.0310 45594. C* 7625 46934*4 2.32 0.13 1. 10 1.21 4* 4* 4210 * 45797. 0.7625 46924.5 1.82 0.02- 0*84 1.11 5 4.2665 45397. C.7635 469 24.6 C. 32 0.C8 0.74 1.03 6 4*. 4279 46045. C.7635 46934.
7 0.69 0.13 0.79 0-9T 7 4.44)0 461 15. 0.7635 46924.
8 0.60 0.08 0.72 0,93 8 4.4382 46189. 0.7625 46924.9 0.20 0.2B 0.72 0.90 9 4.48 33 4619B- C.7635 469 24.*10 0.12 0.73 . 0.73 0.88 10 4. 33 38 46168. P.7625 46934-1 1 0.45 1.26 0.77 . 0.86 1 1 1 4. 12 CO 46)31. e.762S 46924.12 0.66 1-66 0. 84 0.84 12 3.6343 46108. 0.7635 46924.
1 3 o*2e 1.76 0.84 0.83 13 2.5247 46101, 0.7625 46934.
14 C. 53 1.80 0.79 0.82 14 1.4578 46083. 0.7635 46934.
15 0.66 1.61 0.69 0.81 1 5 1 • 162 5 46080. C.7625 469 24.16 C. 69 1.63 0.76 C.80 16 1. 1298 46094. 0.7635 46934. ,17 0. 19 1.22 0.75 0.80 17 1.0058 46125. C.7625 46924*IS 0.33 0.73 0.67 0. 79 18 0,9719 46176. Z.7625 46924.19 0.41 0.63 0.85 0.78 • 19 1.6278 46222. 0.7625 469 24.
£0 1.13 0.76 0.80 0. 79 20 1.9907 46258. C.7625 469 24.
21 0.99 0.68 0*81 0.78 21 2.1648 46275. E.7635 46924.
22 1.44 1.05 0.66 0. 78 22 2.6369 46266. e.763£ 46924. •23 1.76 1.22 0.83 0.73 23 2.6 424 46297. 2.7625 46934. •
24 1.65 1.24 0.68 0.77 24 2.9071 46325. 0.7635 46924.25 1.39 0.94 0.84 0. 77 25 2.9 399 46374. C.7625 46924.,
26 1.51 0.91 0.79 0. 77 26 2.9224 46381. 0.7C25 46934.
27 1.4? I . 05 0. 75 0, 76 27 2.9 67 5 46376. 0.7625 469 24.
28 1.39 1*30 0,75 0, 7S 28 3.1 329 46366. C.7625 46934.
29 1. 56 1.36 0. 79 0. 75 29 3. 19 58 46368. C.7635 46934,
30 1.51 1.13 0,75 0.75 30 3.0835 46374. 0.7635 46934.
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATIONITERATION CRTFC E CRTFC E ITERATION T TCO CA CRTFC F.0 2.9965 6934. 3.0000 7071, 0 2.CC 2.00 3.E0O0 7C71.
1 2.59 57 1986. 2 • 9 3 57 667. 1 1.30 1.99 2.93 57 667.2 2« S £79 1641. 2,7065 447. 2 1.23 1.57 2.7P65 447.3 3.2674 1340. 2.6202 354. 3 0.9 4 1. jG 2,6202 354.4 3.657 5 1137. 2.3661 303. 4 1. 10 Wit 2.3661 203.5 3.5030 1037. 2,3829 270. 5 0.64 1. 11 2.3029 ??P.6 3.6643 889. 2.2958 247. 6 0.74 WK? 2.2953 £47.7 3.677 5 619. 2.2629 224. 7 0.79 0.97 £.2629 229,S 3.7247 745. 2.2623 215. 8 0.72 0.9 3 2.2623 216.
9 3,7197 736. 2.2618 20 4. 9 0.72 P.. 90 2.2618 2T4.10 3.62C2 766. 2.2552 195. 1C 0.7 3 C. 83 2.2552 195.
1 1 3. 36 2 5 803. 2.2278 187, 1 1 0.77 0.36 2.2273 187.12 2.87P8 826. 2 .Ifft? ISO* 12 0.64 0.84 2.1537 130.I 3 1.761 1 833. 2.0900 1 74. 13 0.84 0.3 3 2.C7C0 174.14 0.6942 851. 2.0428 169. 0. f9 0.82 2.2428 169.
I 5 0.3990 8 54. 2.0317 164. ' 15 0. 69 0.8 1 2.0317 164.
16 0.3663 640. 1.9901 160. 1 6 0.76 C.8C ) .9901 160.17 0.2423 809. 1.9497 156. 17 0.75 0.80 1 . 9 49 7 1 56.Id Q « 2 ? It 4 7 58. 1.9405 152. 16 0.67 B.79 1.9425 1 52.19 P.3643 712. 1 .B603 1 48. * 19 C.85 0.70 1.8603 143.2C 1.2272 676. 1 .8P07 145. 20 0.30 0.79 1,8eC7 14 5.
21 li 4PI 3 659. 1.7414 142. 21 e.oi 0.78 1.7414 142.22 1.8734 643. 1.6635 139, 22 0.86 0.78 1.6635 1 ?9 •
23 2.0739 637. 1.6028 136. 23 • 0.8 3 0.7 8 1 ,6Pf3 136.24 2.1436 6P9 • 1. 5265 134. 24 c.es P.77 I .32(5 124,.2* 2.1764 56 0. 1.4714 1??. 25 0.8 4 P, 77 1 . 4? 1 4 132.ct 2.1 MS 553. 1.4373 130. 26 0.79 tf.77 ).4272 1 2 t.27 S.CCmP 553. 1.4177 127. . 27 0.7 5 0.76 t.4177 127.
21 2. Qt-3 j| 563. I . 398 5 126. 28 0.7 S 0.7 5 1 . 398 5 126.
£9 2. 4.V> 56 6. 1•36 >3 IP4. 29 0.79 0*75 I .3693 124,21 2 .32C3 ‘ CO. I . 31+4 l?2. 30 0.7 8 0.75 1.3529 W£.
3 4 5
MODEL;
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS;
TABLE A« 82 RESULTS FROM TYPICAL T«U
3D
CRTFC/E
EKFCUNI FORM NOISE)
PP+LC
PRACTICAL
riFAFi’prinNTS
3 STATr.CS> 2 PARAMETER!S> 1 ni^nLCF)
ESTIMATION
AVERAGE ACTUAL TIMES
1 0.1OBOCE DI 0.OPCODE CC P.25PCPE C? C.4"?
2 U.DOCOOE DP Q.P^ n??Z CC P.luTCT
3 O.IOOOOE Ol O.25PP0E C3 C.4.VPPE PI
4 O.CPPCOF CO
5 0.CPP30E CO
DESIRED CONCENTRATION® 22.50 GMQL/H3
AVERAGE RESULTS OF 1 P.INS
-0.11 
0.B3 
1.87 
C. 19 
0.97 
1.61 
0.39 
0.38 
-0. 1 3 
-C.40 
-0.31 
-0.66 
-0.57 
-0.49 
-0,44 
-0.33 
0.13 
0.06 
0.P.3 
-0.27 
-0.17 
0.31 
-0.30 
-0.06 
0.26 
0.19 
-0,36 
-0.69 
-0.34 
0. 12 
-0. 13
TCO 
-C.3C P.25 
-3.67 
-0.66 
-P.08 
-0.65 
e.P9 
-C.30 
-0.35 
-0.03 
-P.60 
-0.75 
-0.34 
-C.37 
-P.. 57 
-P .42 
-0.52 
-P .43 
-P.17 
-0. 52 -o.2n
-0.71 
-0.64 
-0.47 
-0. 55 
-0.21 
-0. 67 
-P. 59 
-C.47
-0.40
-0.42
AVERAGE PIAS 
CA CRTFC 
-0.86 -2.9365 
-1.14 -2.6305 
-P.76 -2.5CP5
1.01 0.7643
0.61 0.8165
1.29 1.3360
2.23 1.2664
1.56 0.99C31.02 1.1C86
1.58 1.0510
1.44 1.0231
1.19 0.9679
1.43 O.BC34 
1.71 0.8363
W5I 0*87 59 
1.39 0.95C2
1.27 1.1286
0.39 1.3P34
0.03 1.6527
1.05 1.C371
0.71 1.0599
1.12 1.2865
0.66 1.1978
1.31 1.2670
1.55 1.3782
1.00 1.1893
0.59 1.P547
P.69 0.9179
0.72 0.898 4
0.56. 1.1636 
0.56 1.157 5
6934. 
1658. 
1356. 
1329. 
973. 
1003. 
1096. 
9P9. 
76P. 
753. 
677. 
636. 
633. 
652. 
6C7. 
574. 
549. 
502. 
492. 
512. 
46 5. 
43 5. 
453. 
501. 
540. 
499. 
453. 
435. 
423. 
4P6. 
337.
ITERATION TCI T TCO CA
c 2P.CC 22.93 DP. 30 3P.96
. 1 52.CC C 1 . 38 TP.. 41 32. 192 £3. v0 25. OP 44. 5? 32.05
3 2C. Pill 36. 59 43.99 27.61
4 sr.co 32. 53 24.99 29.48
5 35. 34 28.3? 22.53 24.80
6 25.06 33.33 31.54 . 22.49
7 32. 17 32*33 24.96 23.11
8 31.94 33.12 29 .25 2B.239 30. 12 34.20 30. 13 24.37
10 33.32 33.68 29.82 26.35
11 32.23 34. 10 34. 58 25.26
12 32.95 35. 17 £3.9 5 23.29
13 33.92 32.69 29.74 22-5714 33.49 33,37 32.85 25. 15
15 28.29 32. 8C 33.28 24.9816 35.85 31.82 32.95 24. 7017 31. Cl 30.47 24.31 26.4715 32*82 36. P? 23.34 23.63
19 22.11 34. 19 31. 56 21.94
2C 31.60 36.29 34. SO 25.95
21 35.26 3C.78 34.01 21.98
22 32.71 26. 40 36. 12 25. 192 3 32. ’ *! 33.82 35.37 19.25c 4 33.43 31.60 30.37 19. 5825 22.93 25.95 27.38 26. 10
26 24, CP 36.94 33.36 25.47
27 32.23 37.78 36.29 24.2023 33.59 35.16 31 «P2 23.90
29 34-85 30.81. 30. 1 I 25.3430 33.35 35.07 36. 13 24.95
24.C3 
23. 1 4 
26-73 
34.26 
33.C4 
29.6! 
23.33 
31- 1 1
21. 54
22. 54 
32.76 
33.37 
33.62 
33*25 
33. 32 
33.6 5 
33.41
34.7 S 
34.06 
34.3 4 
24.96
T*
34. 54
35. 22 
24.E3 
34.24 
24.9 3
ESTIMATES 
TCO CA 
20.60 31.82
20.33 32.C9
46.36 31.C947.34 27.61
24.46 £6.33
22.C3 25.10 
32.43 24.C7
26.99 24.44
31.21 24.07
31.91 24.23
30.72 24.18
33.08 2/i.Cl 
32*97 23-44
31.23 23.05
21.42 23.25
33.26 23.42
31.33 23.37
34.53 23.31
31.36 23.39
33.54 22.99
32.85 23.27
32.31 22.69
34.8 5 23*20
33.54 22.45
32,83 22.09
31.2! 22.68
33.00 23.01
34.21 23.04
31.56 22.93
33.24 23.24
34.77 23.35
23.93 
23.97 
28.65 34. 45 
34.01 
31.23 
31.27 
31.49 
31.40
32. 14 
32.45 
32.71 
33.06
32.83 
32.63
33. 32 
33- 54
33.83
34. 36 
34. 19 
34. 53
34.36 
34. 53
34.93
34.80 
34. 49 
34. 19 
34. 53 
34. 49
34.36
34.80
TRUE STATES 
TCO 
20.30 
2C.S8 
42-7046.69 
24.3721.33
32. 52
26.70
30.86
31.87 
30. 12
32.33
30.63
30.35 
33.86
32.64
30.36 
34.39 
31.69
33.P2
32.65 
31 .6P 
34.21 
33.P7
32.33 
31.00 
32. 33 
33.62 
31 .09 
32.84 
34.35
CA
30.96
30.95
30.31 
28.62 
26-93 
26.39
26.31 
26.00 
25.B9 
25.8! 25.61 
25.P0 
24.B7 
24. 76 
24. 76 
24.81
24.6424.21
24.22 
24.05
23.90 
24*01 
23.86 
23.46
23.64 
23.68 
23. 60 
23.73
23.65 
23.80
23.91
ITERATION T TCO CA T TCO CA ITERATION CRTFC E CPTFC rC 0.1 1 C- 30 0.86 2.00 2.00 2.00 a 3.7 500 4eoeo. P.7635 46934.
1 C.83 C.25 1.14 1.29 0. 52 1.99 1 3.3940 45276. C.®63£ 46934.2 1.B7 3.67 0.78 1. 16 0.96 1. 57 2 3*2640 45578. C.7635 46934.3 0. 19 P.66 I.Cl 1.34 0.60 1-37 3 -C.0307 45605. C.7625 46924.4 0.97 C.C8 0.61 0.72 I .46 1.20 4 -C.C530• 459 56. P. 76 35 4 69 24.5 1.6! 0.65 1 .29 1.04 0.60 1.08 5 -0.5733 459 2 6. 0.7635 46924.6 0.39 P. 09 2.23 0.71 1.11 1.01 6 -C.5C2B 45838. 0.7635 4 69 24.7 C. 36 C* 30 1. 56 0. 73 0.67 0.96 7 -0.2268 46E25. e.7625 •4 69 34.B C. 1 3 C.35 1.02 0.69 0. 55 0.92 8 -C.3451 46174. C.7635 46/24.9 0. 40 0.03 1.58 0.64 0.49 0.90 9 -G.2875 46131. €.7625 46924V10 P. 31 P. 60 1.44 C, 66 o. so 0.87 10 -C.2S9 6 46257. 0.7635 46924.1 1 0.66 0.75 1. 19 0,64 0.50. 0.86 1 1 -0.2044 46298. e.7625 4 69 24.12 C. 57 C. 34 1.43 0.66 0. 51 0.84 12 -0 . 0 399 46296. C.7635 469 24.13 0.49 0.67 1.71 C. 69 0.49 0.83 13 -0.0720 46282. 0.7635 46924.14 C.4 4 C • 57 1.51 0.69 C.49 0.81 14 -C .1123 46327. 0.7635 46924.
IS C. 3 3 0. 42 1.39 1 0.66 0. 50 0.00 IS -0.1867 46360. P.7635 469 24.1 b 0. I 3 C. 52 1.27 0.68 a. 51 0.80 16 -C.3651 4638 5. 2.7625 469 24.17 B.C6 0.43 0.39 0.63 0.54 0. 79 17 -C.5399 46432. 0.7635 469 34.13 C. PB 0. 17 0.83 0.64 0. 54 0. 78 16 -0.2392 46442. C.7C2S 46924.19 C. 27 C. 52 1 • 05 6. 64 0. 50 0. 78 19 -0.3235 46422. C.7635 469 34.20 0.17 0.20 0.71 0. 65 0. 50 0.77 20 -P..2964 46469. 0.7635 46924.21 e. 31 C.71 1.12 0,63 0. 50 0. 77 21 -0.5230 46449. C.7625 46934.22 C. 30 C. 64 0.66 0.64 0. 52 0. 76 22 -0.4343 46481. C.7625 469 34.
23 C.C6 C.47 1.C1 0.64 0. 50 0.76 23 -C-5C34 46433. P.7635 46924.* 24 C. 26 P. 55 1*55 0, 66 0. 49 0.75 24 -0-6147 46394. P.7635 46924.OS P. 19 0,21 1.00 0.69 0. 51 0.75 1 25 -C.4Q58 46445* 0.7635 46924.26 C. 36 0.67 0. 59 0. 68 fl. 50 0.75 26 -0.2912 46401. 0.7635 4 69 24.27 0. 69 C. 59 0.69 0.66 0. 49 0. 74 27 -0.1544 40499. C.7625 46534.2b C. 34 C.47 0.72 P.69 0. 52 0. 74 28 -0.1249 46511. P.7625 46934.29 C. 12 0.40 0. 56 P.. 68 0.50 0. 74 29 -0.405! 46528. C.763S 469 34.
30 C. 1 3 0.42 0.56 0.64 0.50 C. 74 30 -0.3940 46547. 0.7635 46934.
RMS ESTINATION 
ITERATION CRTFC
0 2.9365
1 2.63CS
2 2 .sees
3 0.7643
4 P.£165
5 I . 3363
6 1.2664
7 C.99C38 I•I Co 6
9 UP SIP
10 • . 1.P231
11 P.9679
12 0.5C34
13 C.8363
14 P.B753
15 P.9502
16 1.1 £86
17 I.3C24
IB 1.P 527
19 1.CU71
20 1.0 599
21 1.2BCS
22 1.1973
£ 3 1. 2 67 C
24 1.37*2
C 5 1 * 16® 3
2 6 U P 547
27 C.9179
25 C.5S34
29 1 * I Co 6
30 1. I 57 5
69 34. 
1658. 
1356. 
1329. 973. 
1C 0 8 • 
109 6. 
909. 
760. 
753. 
677. 
636. 
638. 
652. 
607. 
574. 
549. 
502. 
492. 
512. 
465. 
43 5. 
453. 
5C I. 
540. 
459 . 
453. 
435. 
423. 
406. 
337 .
i FILTER STANDARD DEVIATION STANDARD DEVIATIONCPTFC E ITERATION T TCO CA CPTFC3.0000 7071. 0 2.P-0 C. CO 2.00 3.CP0O 7P71.2.9778 668. 1 1.2.9 0. 52 1.99 2.9778 668.2.4916 448. 2 1. 1 6 C.96 1.57 2.4916 443 .1.9690. 353, 3 1*34 0.60 1. 37 1.9690 353.1.3703 302. 4 0.72 1.46 l . ‘»0 I.37C3 3P2.1.2172 270. 5 I.P.4 f . 60 i.oa 1.2172 270.1.0182 247. 6 C.7 1 1.1 1 S. C1 1 .C182 247.0.9669 231 * 7 0.73 0.67 0.9 6 C.9 649 231.0.9456 21 7. 8 P.69 C. 55 0.92 C.9656 217.0.9393 206. 9 0.64 0.49 0.90 C.939V 2P6.0.9310 196. 1C 0.66 0. SC 0.37 0.9310 196.0.9248 188. 1 1 0.64 C« 50 0.86 0.9243 138 *0.9152 181. 12 0.66 C. 51 C.84 0.9152 131.0.9047 175. 1 3 0.68 0.49 C.83 0 * 9047 1 75*0-0933 1 69. 14 0.69 0,49 0.81 0.6933 169*0.8B57 164, 15 0.66 C. 50 0.80 0,5857 164.0.8743 160. 16 C.6B 0.5! n.ao C.S743 1 CC.0.8655 156. 17 0.63 0. 54 0.79 P., 36 55 156.0.8 560 152. 13 0. 64 P.54 C.73 0.8 £6C 1 52.0.0516 148. 19 C.6 4 B.SC 0.78 0.8516 143.
20 0.65 P.50 0.77 0,8455 14 5.0.8362 142. 21 0.68 0.50 0.77 P.8362 142.0 .8D®7 139. 22 0.04 P.52 P.76 0.8297 129,0 ■ 0 P 4 4 136. 23 0.64 0. 50 P.76 P.8244 136.0.817$ 134. 24 0.66 0.49 P.7 5 0.8175 1 r-4.0.31*33 132. 25 0.69 0.51 P.75 132.0,7925 
fl. 70 61
130.
128. 2627
0.48
0.<*6
P. VC 
0. 'i9
P.75 
0.7 4
H.7925 
0. 7" 61
1 ,*.**•
0.7731 126. 28 P>. 69 fl.74 0,7731 19f.\0.7640 I"4. 29 P.. 63 r.r-o P. 7 4 P. 7 6 62 1 Wl.P. 7 599 122. 30 P. 64 0.50 P.. 7 4 C* 7 £>? 1 22.
3 4 6
MODEL: 
PARAMETERS: 
ESTIMATOR: 
COM TROLL ER: 
REMARKS:
TABLE A»83 RESULTS FP.Otl TYPICAL RU?J
3D
CRTFC;E
EKF<AUTO CORRELATED MOISE)
PP+LC
PRACTICAL
3 STATE!S)
I 1 -1^ 1 20- 1
2 PARAMETER!S> 1 CONTROL!S>
ESTIMATION
AVERAGE ACTUAL TIMES
STATE CONTROL PP0CE5S measurement
WEIGHT WEIGHT NOISE NOISE
Q.lflOOOE 01 O.POCOPE On fl.25fiP.PE PP P.4?rPPE Cl
0.00Q0DE GO 0.25CPPE PP P.40P7PE PI
0*1OCOGE GI C.2SPCPE PP 0.42PPCE PI
.2SCOP P  
5 P  
P.COOPPE PC 
O.OGPCPE 00
DESIRED CONCETRATION® 22.50 GM0L/M3
AVERAGE RESULTS OF I FUNS
1.07 
1.06 
0.85 
0. 08 
0.14 
0.7 1 
O.SS 
1*09 P.4B 
0.29 
-P. 22 
-0.51 
-0.66 
-1.07 
- I  .04 
-1 .21 
-0.99 
-1.22 
-1.16 
-1.00 
-C.93 
-0.36 
-0. 12 
0.35 
0.38 
0.08 
-C.21 
-0.05
TCO 
-0. 16 
-0.00 
P.02 
-1 .97 
I« 80 
-1.35 
I. 09 
-P .92 
0.54 
-0.37 
-0.09 -fl.41 
-n.32 
-P.67 
-0.43 
-0.19 
-0.76 
-0. 13 
-1.14 
-0.38 
-0.55 
0.05 
-0. 1 5 
-0.71 
C.C4 -0.50 
0. 19 
-0.29 
0.07 
-0.S7 
0.20
AVERAGE bias 
CA CRTFC 
-1.24 -2.9565 
0.01 -2.523B 
0.37 -2.2CC7 
P .16 -1.8135 
-0.34 -1.3743 
-C.57 -1.2532 
-0.01 -0.5471 
fl.05 -P .2757 
P.60 -0.2895 
1.10 P .1377 
0 . 59 0 7 
P. 4925 
0.4329
1.45 
1. 52 
1.23 1.12 2 722
1.17
► 1342 
.1654
0.97 -C.2776 
1.16 -0.4149
1. 19 -0.5222
1.33 -0.5352 
1.35 -P .6874
1.34 -P.85PS 
P.87 -O.BC35 
0.42 -0.6152 
0.02 -0.5339
-0.10 -0.3145 
0.09 -0.2431 
-0.01 -C .2265 
0.56 -0.3250 
0.64* -0.1747 
P.92 -0.3032
6934. 
0127. 
1623. 
1235. 
9P3. 
759. 
728. 
736. 
743. 
823, 
8 52. 
857. 
814. 
766. 
742. 
719. 
677. 
659. 
665. 
664. 
652. 
641. 
592. 
543. 
498. 
436. 
496. 
5C6. 
523.
CONTI OL! M EASPPEMFNTSITERATION TCI r TCO CAc ► CC 24.- 19 20,► 44 30,58
1 £C,.£"! 21.► 75 21,► 92 * 3P-52c £Pi► CC ?2.► 75 PI,► 06 3U42
3 22.► CC 27,.65 45,► 4P 31-974 sc.► GO 28..80 24,► 72 32.015 2C.• CO 32,, 18 45<► 53 29-976 5C.► cc 33..23 24,►90 26.867 £P.► CO 34.. 43 44,► 88 25-19
3 32..91 33.. 17 23,► 55 23,869 24.► 64 29.► 58 30,► 92 2P-94
1C 21,.96 29 i- 17 26,► 53 21 -9711 27.► 75 32..48 31,► 52 22.4012 3Z,► 32 33..97 32,► 20 24.3313 31.► CA 34., 40 32,► 98 25.G214 £5,►2? 34.► 53 32,► 72 24-10
15 33.► 73 36..09 30-Cl 23-9616 24.• 73 35, 79 33,► 45‘ 25.21
17 36..51 36.• 41 29.► 57 23-6918 £6.► 7.3 33.► 87 37.► 02 22- 5319 33.► 8 E 35,► 17 29,► 49 22-572C 23.► 5G 35.• 87 32,.86 23-3621 27..28 35,,69 27,► 63 23-2122 35.• 27 33.. 35 25.► 28 26-3423 30.► 19 33. 39 32,► U 26.79
24 35..69 32.• 94 28,► 11 27- 5225 35. 22 30.■ 92 32,.4) 25-0826 24.• 41 31.► 30 32..76 22.97’27 25.■ 81 33.. 35 .33.>22 22-4923 35. 23 35..09 26.► 94 PP.94£9 29..65 33. 71 3P,► 60 21-033C 29-■ 45 34.-13 26,.30 20-25
eta;FE — <TfTATES TRUE STATESITERATION r TCO CA T TCO CAC 24.► 03 2C.► CC 31,► 82 24. 19 20.► 44 30-501 £3.► 22 20.■ 44 20.► 42 24. 19 20.► 44 30.43z 23..54 cr. 42 30,► 06 24, 19 20,-44 30-43
2 27..32 46, 1 1 29-► 73 28*• 95 44,.13 29-9 44 £3.*94 21..78 29.► 16 3C* PP 23.► 58 29.0332« 4! « 23.► 24 33* 19 45,>03 2 7-676 32-47 22*,77 26.. 50 33* 15 22,► 86 26-497 35.. 2 Z 46,■ 35 25..27 3 5* 44 45,► 43 25-316 34.► ?3 S3.► 65 23..94 34,80 24.-19 24-54
9 32..9 5 31. 74 23.► 07 33. 49 31.► 37 24.17
IC 31 •► 79 26. tz 22.► 61 • 32*08 26,• 51 24.06
11 31-► 96 21. 36 22.► 62 32* 45 30,• 95 24.1512 22.► 16 29. CI 22,► 31 32. 45 23,► 69 24.0513 32.► 45 3C..57 23,.07 32. 23 29.-89 24.10
14 32.► 96 21. 34 23.. PB 32. 45 30,► 86 24-241 S 32-► 15 29. 25 22.■ 94 32- 49 29.• 06 24-11
16 32.► 78 32. 22 23.► 22 32. 71 32.► 56 24-20
17 33.. 49 26. 7 f> 22,► 89 32, 45 26,• 65 24.OS
12 33..97 25. 44 22..86 32, 75 34.• 30 24-04
19 33.► 96 23. 57 22..59 32. 97 28.• 18 23i97.2C 34. 23 33. 23 22..71 33. 06 32. 75 24.0 6
21 34..30 29. 47 22.► 63 33- 15 29.• 52 23.97
22 23,.45 23.► Cl 23,■ C6 32. 45 27,,86 23-9323 22.,72 34. 37 23.■ 59 32. 80 33. 66 24-OX
24 33..76 2C.• 91 23.• 88 33. 41 3C«95 23-90
25 33. 96 34. 8? 23«• 87 33. 84 34,• 39 23-76
26 34.► 53 25. C 2 23.• 53 34* es 35. 22 23-6127 25* Z2 34* 5C 23. 19 35. AC 34. 21 23-18
23 34,. 33 27. 65 22..52 34. 4B 27. 72 23-0829 24. 31 24. 1C 22.► 42 34. 10 33. 53 23-e63C 34. 32 30. 47 22,• 11 . 34. 27 30. 63 23.03
RMS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES TPUE OP ;ior!IINAL PAF
ITERATION T TCO CA T TCO • CA ITERATIOiN CRTFC E CPTFC E
0 0,16 C. 16 1.24 2.00 2 .CO 2.00 0 3.75CC 40000- 0.7635 46924.
1 0.37 C.CO 0.21 1.29 0. 52 1.99“ I 3.2673 44BP7- C.7635 46934-
2 0.65 0.G2 0.37 1 .02 e.si 1,56 2 2.9642 453!1. P.7625 469 34.
3 I.C7 1.97 0. 16 1.06 1.03 1.34 3 2.5821 45699- C.7635 4 69 24-
4 1.C6 i.ec 0.34 0.84 0.65 1.21 4 2. 1378 * 46031- P.7625 46934-
5 c.e5 1 - 35 0,57 1.06 0.90 I. 12 5 2.0217 46175. 0-7625 40924.
6 0.63 1.09 0.01 0.74 0.75 1.05 6 1 •2106 46206- 0.7635 46924*
7 C. 14 0.92 0.05 0.90 P.37 0.99 7 1.0 392 46198. 0.7635 46924.
3 0.7 1 e.54 0.60 0.67 0.96 0,94 a 1.0530 46191. C.7635 46924.
9 e. 55 C. 37 1.10 0.71 0. 53 0.89 9 0.6258 461(36. 0.7625 469 24*.
10 I.C9 0.P9 1.45 0.80 0.60 0.87 10 0.1728 46082. 0.7625 46924.
11 0.48 C.4I 1.52 0.76 P. 54 0.85 11 C* 27)C 46C77* 0.7635 46924.
12 C.29 C.32 1.23 0.77 G. 52 0.83 12 0.2806 4612C. 0.7635 46924.
1 3 0.22 0.67 1-12 0.76 0.49 P. 83 13 0.4913 46169. e.7C35 46934.
•14 0.51 0.43 1.15 0.73 0.49 0.8? 14 0.6293 46192. C.7635 46934.
IS C-.6 6 0. 19 1.17 0.75 P. 51 0.8! 15 0-9239 46215- C.7625 46924-
16 1.07 0.76 0,97 ■ 0.79 0.50 0.80 1 6 1*0412 46257. 0-7635 469 24-
17 1.C4 C. 13 1.16 0. 78 0. 56 0. 79 17 i . 1 70 5 46275. 0.7625 469 24-
13 1.21 1.14 1*19 C. 72 0. 54 0.79 18 1.23 57 46269. C.7635 46924.
19 C.99 C.39 1.38 0.74 P.54 0. 78 19 1,3488 46270. e. 7625 40924.
20 1.22 0.55 1-35 0.72 0. 50 0.77 20 1.4509 46282. 0.7625 40924.
21 1,16 C, 05 1.34 0.73 fi. 50 0.77 21 1.6140 4629 3- 0.7625 46924-
22 | .00 €1.1 5 0.87 0.77 0. 50 P.76 22 1-567 3 46342- £.7625 46934-
23 C.93 C.7 1 0*42 0.72 C * 50 0.76 23 1.3767 46386- C.7635 469 34-
24 0.36 C.C4 P. CP 0.71 0. SO 0.76 24 1-2975 46436- e.76?S 469.34.
25 0. 12 C.5C 0* IP 0. 68 0. 50 0.76 25 1.0781 46448- 0.7635 46934-
26 C, 35 0. 19 0.P9 0.66 0.49 0.75 26 1.0066 46428. 0.7635 46924-
£7 0*38 0*29 0*Cl 0.66 P., 49 0. 75 . 27 0.9901 46428. C.7625 4 69 34.
£5 C.C3 0.07 0.56 0.70 0.55 0.74 28 1.C8&5 46411» P.7625 46924.
29 0.21 0.57 0. 64 0.69 0.51 0.74 29 0.9 333 46391. 0.7625 46924.
30 c.es 0.20 0.92 0.70 0.50 0. 74 30 1.6667 46372. 0.7625 46924-
ESTIMATION 
CRTFC 
2.9365 
2.5233 
2.2P07 
1.5185 
1.3743 
I. £582 
0.5471 
0.2757 
C.239S 
C.1377 
0,591*7 
0.4925 
0.4829 
C.2722 
0.1342 
C.1654 
P.277 6 -
0.4149 
0.5222 
0.5852 
0*6374 
0.8 50 5 
0.6033 
0.6152 
C » 5339
0.2265 
P.325P 
P.1747 
K.303?
6934.
2127.
1623.
1235.
903.
759.
726.
736.
743.
8 57. 
614. 
766. 
742. 
719. 
677. 
6*9. 
665. 
664. 
652. 
641 • 
592. 
543. 
49 8.
48 6.
49 6. 
5P6. 
523.
AVERAGE FILTER 
CPTFC 
3.0PP0 
2.9781 
2.9379 
2.3841 
2.2659* 
1.8622 
1.7512 
1.5251 
I .3746 
1.3517 
1.2363 
1.2433 
1 .2034 
1.1711 
I . 1476 ' 
1.1169 
I .C9 7P 
1.0570 
I .0338 
1 .C088 
0.9932 
P.9762 
0.9535 
0.9395 
0.9295
.9263 
. 39 7 5 
.8880
STANDARD DEVIATION 
E
7071.
669.
451.
359.
306.
271.
246.
228.
214.
203.
193.
186.
179.
173.
168.
163.
1 59.
1 55.
151.
148.
145.
142.
139.
137.
134.
132,
129.
127.
125.
123. 
121 •
2.00 
1.29 
1.02 
1.06 
0,6 4 
1.06 
0.74 
C.90 
0.67 
0.7 1 
P. 80 
0.76 
0.77 
0.76 
0.73 
0.7 5 
0.72 
0.78 
0.72 
C.74 
0.72 
0.7 3 
P.77 
0.72 
P.71 
0.68 
P. 66 
0.C6 
0.70 
fi, 69 
P. 70
TCO
2* CO
0.52
0.51
1.03
0.65
C.93
0.7 5
0.87
0.96
0.53
0.60
fi.54
C. 52
C.49
0.4?
C. 51
0.50
0.56
0. 54
0.54
C* 50C.SO
0. 50
C.50
C. 50
0.50
STANDARD DEVI ATI 0! 
CA CRTFC 1
2.00 3.COCO
2.9781 
2.9379 
2.3841 
2.2659 
1.8622 
I .7512 
1.5251 
1.3746 
1.3517 
1.2863 
1.2433 
1. 2C34 
1.1711 
1.1476 
I . 11 69 
1.P770 
I .05 70 
C»79 1» 0333 
0.78 l.CObS 
0.77 C.99 32 
0.77 0.9762
0.76 0.9535
0.7 6 P.. 93? 5
R. 76 e.9?9S
1.9? 
1.56 
1.34 
1.21 
1* 12 
1.25 
C.99 
0.94 
0.89 
0.37
0.83
0.&2
0.81
(3.80
0.79
7071. 
669. 
451. 
359. 
306. 
271. 
244. 
223. 
£14. 
2? 3. 
193. 
136. 
1 79. 
173. 168. 
1 63. I =9. 
1 55.
0.76 C.9P390.75 0.9222
3 4 7
MODEL: .
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 84
* IEA FIT FM SN TF
RESULTS FROM TYPICAL F»rl
2D
CRTFC/E
I EFSC UNIFORM NOISE)
PP+LC
PRACTICAL
2 STATF.CS)
I -1 -I I 3
2 PARAMETERS)
9 1? M 12 IF 14 If 1 *
1 t  9LCS)
AVERAGE ACTUAL TIMES
o. ipccoe oi o. ooccoe oo e-.25ercE oo p .4pppcs pi0*1CROOE 01 C.TFRPOE CO 
o.orrrcF oo 
O.PCPOPE 00
DESIRED CONCENTRATION** 22.50 GM9L/113
AVERAGE RESULTS OF
AVERAGE DIAS 
CA CRTFC-1.76 - 0*93155. 
C. 53 -2.7343 
3.49 -I.C l 36 
l»M -P. 7276 
2.29 P .5714 
2.55 P.3?F9
1.13 0.C43CP. 53 0.9409
-0.P1 I.PROP 
0*55 0.7731
l.C-9 r,7r97
0.59 0.1772
0.G5 0.7776
0.76 P.2569 0.40 P.54n3 
R.35 0.6392
0.29
1.06
0.31
0.26
-0.76
0.06
0.08
0.45
0.09-c.es
0.13 
-0 *28 0. 12 
•-0.18 0. I 1 
-0.0 I 
0.07 -C.14 
-C.E2 
0. 10 
0.4! 
-0.02 0.01 
0.06 
-0.42 
0.45 
• -0.24 
0.42 0.18 
0.30 
0.1 4
-0.P4 0.5429
-0.13 P .5765 C.6275 
P.6199 
0.84*1 
0.5378 
C.6665 
0.4773 
0.21P7
0.7353 
0.5140 
0.8133 
0.7645 
0.9223 
0.7809
69 34. 
19C5* 
2342. 
1 15R. 
1242. 
I 155.
794. 
674, 
576. 
718, 
754. 
63 5. 
59 P. 
629. 
593* 
555.
473. 
499. 
51 1. 
512. 493. 
493. 
534.
51 W 519. 
496. 
503.
Fm£ ESTIMATION EFF.3R
ITERATION
0.45 
C.C9 
0.C3 
3. 13 
3.23. 
C. 12 
C. 13 
0. 11 
C.C1 
C.C7
P.42 0. 16 
P. 2C 
C. 1 4
6MS ESTIMATION
non cp*tfc2.9565 
S.7343 
Wt 136 
C .7276 
2.5714 
0.3>09 
0.0430 
2.94
CA
1*76 P. 53 
3. 49 
1.31 
2.29 
2. 55 
1. 13 
0. 53 0.01
O. 16 
0. 19 
0.21 
0.06 
0. 1 3 
0. 33 
0.31
0.26 
0. 12 
0.27
AVERAGE FILTER STANDAPD DEVIATION 
T TCO CA
2.00 1.29
orr
3.7721 0.7097 
G. 177 2 
0.7776 
0.5S69 
0.543 3 
T.6192 
0« 5429 T.67S5 
P.CR7* 
0 . U 99 
r . f4fi
e*5575
p.ftts 
P.4778
: . S 133 
0.7«. 4* 
0.9 OOP
6934. 
1905. 
2342. 
11 5C. 
1242. 
1 I 55. 
794. 
674. 
576. 
718. 
754. 
£5 5. 
59P • 
629. 
59 3. 
555 • 
509. 
473. 499.
51 1- 
512. 
498. 
493. 
524. 
51 I. 
519. 
495.
1.22
•’ .96
1.29
0.73
0.73 
C. 64 
0.82 
0.8 5 
P..81 
0.81 
0.79 
0.30 
0.74 
0.66 
P.65 
0.78 
0,73
0.69
AVERAGE FILTER 
CRTFC 
3.CP0R 
2.991 1 
2.7014 
?.5742 
2.1027 
2.0622 
1.9149 
1.8336 
1.3266 
1.7920 
1.7381 
1.7RPR 
I»£387
1. 5737 
I . 5118 
1. 4596 
1.4055 
1.37T9 
1. 3617 
1.35*4 
1.3146 
1.2801 
1.2674 
1.2296 
1. 19PP 
W 1*6*I . 1 OfiC 
1 . 103 *
1 .T343 
1 .01 »«f*
I »Pr4"
1 *95 
1.71 
1.49 I. 32 P. 21 1. 10 
1.04 
P.99 
0.95 
0.91 
0.39 
0.83 
0.86 
0.8* 
0.84 
0.B3
STANDAPD DEVIATION 
F
7071.
1183.
677.
439.
39 3.
337*
299.
27W 
2 50.
233.219.
203.
193.
190.
183.
177.
171.16 6*
I6?».
1*7.
154.
1 50.
147.
144.
141.139,136.
I 34*
132.
ITEFATIG1 TCI - TCO CAC 20 or P4. 33 20.Of
. 1 5f ro £1.6? 29.70
2 2" ro 3 r*?4 25*4-8
3 sr or 32*26 30*484 ?c cz 35.0 4 24*5!
5 21 49 33.18 24-356 24 £1 31.98 28.F4
7 36 47 28.23 ?6* 345 37 20 31.83 26.61
5 27 19 33*66 ?r*92ir . £1 42 3**27 21 *9911 21 23 36.04 24*9112 31 16 31*67 26. 1912 20 6 4 35*2? 21 -72
14 21 45 32. 58 24.301 I 29 92 33*15 24.551; 33 58 24*8 5 25.3517 25 95 34.22 £5.06n 23 13 33*00 21.95
19 27 72 , 34.92 22.2322 . 26 1 5 32.83 22.69
21 21. 62 26.74 23-3522 29 Zt 34-25 22*8t
23 31. 59 3**23 20*4324 £9 63 36*23 22.9425 36 22 33*4* £2*43
26 29. 53 ' 37.11 23*93•27 31. 95 31*33 22*31
23 22. 77 34.C3 22*952? . 22. 21 32.70 23.91
3r 32. 42 • 36.52 24-86
J“AT ESTIMATES TFHE STATES
XTSTATION T TCO CA T TCO CAC 24.02 31-82 24.33 30.061 2. £7 29. 53 24.33 30*062 ZZ* 16 Ec.et 29*47 £9.503 20. IS 27. IB 30*44 28*494 ' 23.77 2*. 1 1 33-01 27.40
5 22.59 23-63 33**7 26. 186 21. 19 £4-6? 31.27 25.747 20.5 2 24. 3 4 31.27 25*37
3 •2.79 24.96 22.83 24.955 24.56 23.64 34.53 24*4912 24.36 22.83 34.49 £3.921 1 22.6? 23.ee 23.41 23*5912 22.P7 23. 55 33.19 23*60
13 22.62 22.89 23*45 23*6514 22* 25 £2. 27 33-49 23*4715 •2.27 23-21 33-36 23*56It 52.43 22.32 „ 33.49 23.2817 32.77 22-47 33*62 23.3413 24.62 £3. 13 34. 59 23*29I ? 25. 12 22.85 35.23 23*0422 24.V? 22-61 24.49 22.6021 24.69 22.78 34.66 22* 7224.52 22.7C 24. 3B 22. STc 2 24. 52 £2-21 34*59 22*5424 24.52 - 22.33 34. IP 22*64
25 23.52 £2.42 23.97 22.7026 24.56 £2.75 34.32 22.6727 24.1 * 22-61 "4. S3 22.66C"S £2. 25 34. 14 2". '129 23.55 2£. 67 34.2? 22.55
3C 24.44 22.93 34.53 22*63
FAIL.METER ESTIMATES T*M*E 0" 10MPIAL PAFAMETE1
17Sf ATI3N CRTFC F CRTFC EC 2.7 503 40 CCC. 0.7635 4 69 34
I 2. 4979 4SC29. 0.7635 469 34.777 ! 44*92. 0.7635 46934
3 .491 1 45732. 0.7635 4(7344 .192! 45692. C-7635 46934
5 • 27££ 4*774. 0.7635 469 34
£ • 7 ? 0 5 46140* 0.763* 46934
7 • 1 7"3 4C260. 0-763* 469 34
5 • Tft'f 46358. 0*7635 469 349 . 0 0 01 46216. C.7635 46934
IC . C 523 46 is;*. C.7635 469 34
1 1 . *363 46249. 0-7635 469 34
12 .0141 46244. 0.7635 4C9 34
1 j . 5?£7 4620 S. 0*7625 469 34
14 .2232 46.341. * P.7635 469 34
15 .0743 46376. 0.7635 469 24
16 4642*. R.7635 469 34
17 .1570 *46461. 0.763S 469 34
13 .1263 46435. 0.7635 46934
19 . 1 436 46423. 0.7635 469 34
2C .0316 46422. 0.7635 46934
21 .1757 46436. 0.7635 469 34
22 » C97P 46436* 0.7635 4 69 34
5? .2557 46410. 0.763* 46934
• P2s£ AC 4 IS. P.7635 469*34
i t .2495 46426. P.7635 469 34
£7 .0 493 46 426. 0.7635 46934
23 •m e 46409. 0.7635 4 69 34
25 —. 1555 46421. C.7635 469342C .2 174 46448. 0.7635 469 34
STANDARD DEVIATION
IT El ATI ON T TCO CA CRTFC F.
C 2 * C ? 2-CC 3.PPCC 7071.
1 1.29 1.98 2.991 I I 183.
2 1*22 1.71 2.7814 677.
3 C.9 6 1 . 49 2. 57 42 489.
4 1.29 I. 32 i>. 1P27 39 3.5 C.73 1-21 2.0622 337.
6 C.96 1. 10 1.9149 299.
7 0.32 1-04 1.3336 271.
8 C. 13 P. 99 1 .8266 250.
9 C.7 2 P.9* 1.74ro 233.
ic C. 64 P. 91 l .7851 219*1) C.52 P. 89 I .7208 2CH.12 C.5 5 P. 83 1.6337 193.13 0* = I 8.86 I .5737 190.
14 r.f 1 0.8 5 1.*118 13 3.
15 P. 79 P. 5 4 1.4f9f 177.
1 f O.SO 0.33 1 . 40 c 5 171.
17 I?. 7 4 r .»2 1 . 271*9 166.
1 a 0.66 0.8 1 1.3617 16?.
19 0. 6 5 0.79 I .2554 157.
L3 C.73 C.73 1.3146 154.
2 t P..73 0.75 1 . ?R!i I 150.
22 0."l P.77 1 .2674 147.
r 2 0. "s r . 7 7 i . r r<>f 14 4.
7 > 0.77 1. H ’t* 14 1.- 1 0 * . 0 0.7 i 1. I '.C? I33-
;.*»i P. 7 6 1. r  m* i.e.• - j ; 0.7 5 1 . h’tif 134.
•; 0.7 5 1.0* 44 13' .
0.70 0.7* l. i ’f «r I?.*.
20 0. r 9 r.75 1.0C4P I'M.
3 4 8
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A® 8 5 rsrvLTS Fro:i typical «»t:i
SD
CRTFC/ E
I EF SC AUTO CORRELATED NOI SE)
PP+LC
PRACTICAL
FLF1EIT 
RUN CODE
2 STATE! S>
I. -I -I 1 2
2 PAFAMETE"! f) t rV1T**9LCF>
AVERAGE ACTUAL TIMES
STATE CONTROL PROCESS MEASUREMENT
WEIGHT WEIGHT NOISE NOISE
. 10COOE 01 O.OOOGPE 00 P.25P0PE UP 6.4rrP?E PI 
• ICOBOE 0! o.25?Rr*E cr P.4r"PPF rj
p. ccpppe nr 
e.eoopoe oo
DESIRED CONCENTRATION® 22.SC GM0L/U3
AVERAGE RESULTS OF I RUNS
MEASUREMENTS
TCI TCO FA
2 CF.PO ?4. 23 3*. 19
I 52. EC 20.73 2 1. PP
£ 5ZT.C0 P6.P2 29.6?
3 SR.CC 3P.P0 29. 584 Sf .CR 3?. 55 28.06
£ £2.22 35. 59 26. 19
£ 2'.43 35. 55 26.377 22.27 34. 18 25. 1 6
b 32. P 6 34.66 24.82
9 28.93 35.P9 - 22.90
IP 32. 12 33.26 £1.3®
11 2£. 24 32.91 CO. 50
12 23.97 32.3B 20.33
1 3 23.73 28.06 21.16
U 2/. 31 27. 52
1 5 25. £3 29. 18 £1 .96
1 6 20.P5 33. 37 22. 54
17 , 22.18 33.86 23.76
18 31.72 36. 6? 25.45
1? 53. 34 26.61 £5. 13
CP 25.45 37.2? 24.79
£1 31.22 35.91 £3.76
£2 30.75 36.73 £2.88•
£3 * 28.11 36.38 22.76
£4 31.(3 35. 59 £4.22
25 27.(3 36.11 P6.R9
26 36.91 34.4£ * £2.99
27 23.44 35. U 22. 15
28 31.33 36.14 21.29
2? 34. e? 3*U4? 22.26
22 27.68 34.70 23.03
AVERAGE PIAS STATE ESTIMATES
0.29 
I « 49 
2.03 3. 16 
2.62 
1.71 1.22 
0.25 
P. 28 
-C.12 -0.20 
-0.36 
-0.30
1.02 
P.S7 
0.46 
-0.09 -e.si 
-0.03 
-0.75 
- I  .26 
-1.30 
-1.37 
- I *64 
-1 .40 
-1 .29 
- I  .35' 
-1.49 
-1-17
CA CPTFC c I7ETAT50N T TCO CA T
*1.63 -2.9565 6934. ? £4.03 21. *2 24. 33
■0.51 -2.6892 1254. 1 * 22.39 3P.80 24. 37
■0.75 -2.9334 1246. £ £6.44 29.57 28.47
*0.67 -2.4641 834. 2 31.C4 £3. 64 34.80
■1.2P -2.5278 653. 4 22. 39 27. 33 35*24
-P.88 -2.1050 610. £ 34. 52 25.93 36*22
■1 .29 -2.0628 43C. C 34.7 4 25.21 35.96
•1. 00 -2.C656 443. 7 34. £3 24.67 34.75
•1.16 -2.0478 4C5. a 24. 9® 24.22 35.27
•0.5? -2.P724 435- ? 25. 13 22. 53 35.fl!
0. 16 -1.9390 499. i? 34* (9 22.8C 34. 49
0.59 -1.8054 571. 11 34. £S 22.35 34. 19
0.91 -1 .56S2 685. 12 32.33 21.94 33. 54
1.28 -0.£392 642. 13 22.46 22.03 32.67
1.20 P.1® 33 676. 14 23.23 22.22 33. 1*
1.27 0.6C25 634. 15 CC- 29 22.35 33.41
0.9B P.6012 636. 16 32*40 22.59 33.97
0*69 C.6274 660. 17 C 3, (2 £2.7 0 34.06
0.47 0.2421 ers. 13 23.(2 22.99 33. £4
0.25* -0.1114 564. 19 24. C 5 23. 1 5 33. 54
0.23 -0.3946 531. CP • 24.7 ( 23.23 33.93
3.47 -0.53(4 516. 21 24.(3 22.99 * 33.83
0.59 -P .9326 . 511- ££ 24.ee 22.75 33. 41
P.73 5?T* 23 34.34 22.61 33. 54
0.82 -1.3679 431. £4 24.5? ‘ 22.72 ‘ - 33.15
0.3S - 1 . 47 34 433. 25 54. 52 23. 13 32.03
0.47 -1 .5P44 43P. £€ 24. 19 22.8 6 32.80
0.87 -1.57 51 439. 27 34.74 22-73 33. 45
1. 15 -1 .7305 452. S3 25.C6 22.48 33.71
1 .P7 -1.7927 453. 29 34.9 4 22.43 •33.45
0.96 -1.7370 445. 3P 35* 19 22.58 34.01
RMS ESTIMATION ERROR
1.71 
1.22 
0.25 
C. 28 
0. 12 
0.20 
0.36 
0. 30. 
0.21 
0.87 
1.02 
C. 57 
0.46 
0.09 8. 51 
0.83
0.75 
1.26 
1.30 
1.37
1. C4 
1.40 
1.29 
1.35 
1.49 
1. 17
2.9365 
2.6092 
2.9334 
2.4641 
2.5278 2 • ICS? 
2.0628 
2.0606 
2.0478 
2. P724 
1.9 390 
1.8054 
1.5652 
P.5392 
0.1933 
C. tr,P5 
0. 60 12 
0.627 4 
C.242I 
0.1 114 
R*3946
0. 5064 
P. 9826 
1 • 2 52 5 
1.3679 
1.47 34 
1.5244
1. 57 51
1.7 325 
I .7®27
1.7 370
1.63
0.5!
0.75 
R. 67
1, 20 0.88 
1.29 l.RC 
t. 16 
0.52- 
C. 16 
0.59 
0.91 
1.22 I .20 
1.27 
e.9C 
0.69 
C.47 
0.28 
0.23 0.47 
0.59 
0.7 3 
0.82 
0.35 
C.47
0.87
1. 18 l.P? 
0.96
69 34. 
1284. 
1246. 
834. 
658. 
610. 43 B. 
443. 
40 5. 
435. 
499. 
571. 
625. 
642. 
676. 
68 4. 
636. 
660. 
606. 
564. 
531. 516'. 
511. 
5*7.
481.
423.
430.
439.452.453, 
448.
AVERAGE FILTE" STANDARD CFVlA" 
T TCO CA 2.00 2.0"
I .23 
1.13 1.40 
I.PI 
0.97
0.76 
0.70 0.70 
0.71 B. 7 5 
P.7( 
P.53
2.9923
P.???-" 2.0(77 1.9263 1.9125 1.91P3 
1.9116 1.9043
STAMP/
707! . 1 3-2. 7*4.
430.
361*
-r. nr"ia"i o1
77?.
1 .342? 
1.777! 
1.C7V7
I.V-.** 1.F433 l. Fr? 1.4636 
I. 4?44 1 . 37 1.331* I .:**4f 1.1427 
I. UO'* 1.18?? 
I. If  42 1.14/4 1.1718
173. 163. 
163. 159. 155. 1*1. 
! -Vi.
3.7 500
3.4 527 
3.6969 
3.2277 
3.2913 
2.8685 
2.8263 
2.8321 
2, S11 3
2.8 359
0.7025
2 .5 6S9 2.32*8
1. 3C-?* 
0.57"" 
C .l610 
0.1 623 P. !362 
R* 5214 
0.8749 1 * 1 55 1 
1.3 SCC 
1.7461 
2*0161
2. 1 314 
2.2369 
2.2679 
2.3386 
2*4940 
2. 5 562 
2.50C5
2.00 
1.28 1.13 
1.40 
1.01 
C.97 
0.76 G.7 0 
C.7C 
0.71 
0.7 5 
C.76 
G.C3 
0.89 
0.76 
C. 7 I 
0.65 
0.63 
C.?( 
C.77 
K.7S 
0,79 
o.er 0.61 
0.63 
P.8 1 
K. 8 0 
fl. Vb 
C.7 5 
0.76 
0.7 4
ESTIMATES
E
4B0CP, 
4565C. 
456B3. * 
461 CO * 
46276. 
46324.
464 54. 
46491. 
46529. 
46499. 
46435. 
46363. 
463C9. 
46292. 
46258. 
46250. 
46245. 
46274. 
46328. 
46370. 
464R3. 
46418. 
46423. 
46427. 
4C4S3. 
46501. 
46504. 
4(495. 
46452. 
46481. 
46486.
TPUE STATES 
TCO CA
3P. 1930.30 
25.82 
27.97 
26. 13 
25. 10 
23.92 
23.67
23.06 23.01
22.9.6 
22.94
22.06
23.30 
23. 42 
23.62
23.43 
23. 39 
23.46
23.43
23.45
23.46 23.35 
23. 34 
23. 54 
23.45 
23.33 
23.65 
22. £8
23.47 
23. 54
THE 0" NOMINAL ?A"AMET~
C—FC 
R.763E 
R•7 6? ce.?t?A 
P . 7 f. 2 5 
P *762c 
0.7(35
.76?F
• 7(3 5 .7(3?
P.7(25 P.7625 
R•7(35 
0 »7/-2c 
2.7625 
0.7(25 0.7(35 0.7(35 p.. 76 3 e
0.7(25 
P.7(25
4(924. 
4(924. 
4034. 
4'?24. 
4 (O 24 • 
40  24. 
4(924- 
4(924. 
40  24. 4(934* 4024. 
4(9"4. 4(??". 
4(924. 
4024. 
4(924. 
4(924. 4(9?4. 
4(924. 
4(924. 
4(924- 
4024.- 
4(924.
4(924. 
4 034. 
4(924. 
4(??4. 
/ 034. 
4(534. 
4(9?4. 
4(924.
STANDARD DEVIATION 
CA CPTFC E
a.rerr 
2.9923 
2.3376
S. PR 
1.93 
1.70 
1. 53 
1. 39 
1 -CS 1.15 
'.37 1.01 
V..96 
R.93 
0.90 0.83 0.86 
C.35 
P.84
7C71. 
I 222. 
734.
P.0677 
1.9363 
1 .9 IPS 
1.9J23 
1.911(
1 .9P43 
1 .R770 
1.8423 
1.7771 
I .6797 
I .(370 
I * ClP7 
1 ■ 6P.2 5 
1.5855 
I •5*23 
1. ("1*2 
1.4(5C 
I . 4P44 
I . 375? 
1.3315 
1.2840 
1.2437 l.POftf . 
1. 1827 
i . 1(4? 
1. I46C 
1 •1218
43?. 
3(1. 
314. 55 ?(?. 
?42. 
£29. 
PJ7. 
20 7. 
193. 
191. 
184. 178. 
173. 
1(8. 
1 (3. If®. 
155. 
I 51. 168. 145. 
142.
3 4 9
TABLE A. 86 EffLTS FROM TYPICAL PUN
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
3 STATE! S>
3D
CRTFC; E
IEFSCINIFORM NOISE)
PP+LC
PRACTICAL
PARAMETER F)
1" II IT 1 3 IA t5 If 3 -I 3 ! 1 1 1
I CW1L<«>
AVERAGE ACTUAL TIMES
F?T1'!ATI'I I 
j&.ri
STATE CONTROL
HEIGHT HEIGHT
P.1OG0BE 01 0.OOO0OE 00 
0 *00000E 00 
0. IOOB0E 01
PROCESS 
NOISE 
0.25C0CE PC P.PSPPPF CP 
0.25PCPE PP 
C.PCCPPE PP 
P.PPPPOE PP
MEASUREMENT 
MOISF 
C.6PPPPE PI 
P«4Pp"PE PI 
C.4PPP7F PI
DESIRED CONCENTRATION* 22*50 GM0L/M3
AVERAGE RESULTS OF
AVERAGE DIAS 
CA CRTFC 
I . 19 -2.9565 
n.O? -2.7574
1.53 -3.5183 
C.18 I.Cl 54 
C.93 -P-.043 1 
P.22 -I.PS29
1.54 -1-3274 
C.9P -1.4624 
0.57 -1.5467 
0.36 -1.6749 P.14 - 1 .716? 
0.03 -1.8220 
0.36 -2.PP8S 
C.39 -P.C771 
P.P5 -2.P-363 
0,04 -1.99P4 
P..P5 - I .R747 
0-46 -1.6334 
C.12 -1.7P32
34 -1.7743 
G.27 -I.B2PG 
0.21 -1.6927 
0.20 -1*7101 
C.62 -1.7469 
0.49 -1.6607 
0*35 -1.71 IS 
0.27 -1.S2I7 
O.PP -1.9573 
C.P2 -1.9947 
P.,30 -1.7331
14 -1.7BC9
-0.03
0.91
1. 53 
0.0 5 
1.48 
0.96 
0.85
-C . 1 5 -0.21 
-0.27 
-C. I 3 
-0.23 
-0.31 
-P.C2 
-0.04 
• 6.07
0.03 
-1.1? -0.20 
-3.PP 
-1.23 
-2 .CO 
C. 14 
1.25 
1 • 32 
-P.P3 P. 0 1 
P. 37 
-P.. 32
0.2 3 -E.P-4 -
C.50 -0.29 -
-0.20 -C.31 -
0.43 0*70
-0.21 0.50
0.0 3 P. 39
0.34 2.23
-0.13 -0.37
-C.34 
-0.43 
-0.08 
0.53 
-C.02 -0.23 -i
-0.04
P.01 
-0.64
6934. 
587 . 
429. 
87P. 
419. 
679. 
939. 
63 5. 
565. 
6? 6. 597. 
59 3. 
641. 
7P2. 
69 1. 
637. 
687. 
645. 
655. 
69 3. 
657. 
69 4. 
672. 
734. 
795. 
761. 
734. 
724. 
722. 
7P7. 
69 5-
20.02 
23.39 
3C. 54 
22.P5 
21. 14 
3C.9C 
£7.4? 
19.99 
33.42 
£2-93
31. 10
32. 52 
£5.97 
£7.27 
32.5 I 
15. 13 
33.97 
£2. 2 E 
£9.27 
£9.85 
31. 1C 
24. 61
2C-es
£8.71
14.6 5 
33. 10 
24. 1 4
22.93 
24.6 6 
23.72
29. 20 
46. S7 
31 .C5 
42.45 
32.96 
SI. €6 
31. I 1
£8.3 6 23. 1 3
2C. C4
22. 1 7 
28.04 
27. 70 
21.92 
27.7 S
22. 4 r 
32. 51
.21
31.24
26-86
29.61
29.64
CA 
31 .3? 
31.66
31.78 
28.S4 
IS .13 . 
2S.83 
23. 1C 
23.41 
23.61 
23.28 
22.99
22.78 
22.37 
£1.92 
21.88 
2?,18
22.36 
£2.93 
22.60 
2?«29 
22. 55
22.37 
'££*•49
21.98 
21 ,42
22.43
22.76
22*84
2 4. f 6 ?r.,21 ?r. 6421. 47 rr. 17 31* 94
£?• 56 39.,91 31* 99
3*.,28 42. 68 28. Pfl
34. 18 28..66 29* 75
32. CO 42., 3? 24* 47
39. P? 27.99 ?R*8?
34. 39 PP.., P 7 26, 4?
34,,05 3P., 7 * 25. FS
3r*. 71 35. 22 22. 19
3=. 76 26. 81 23* 5934. 97 32., 16 ??*88
36.,05 29. 89 21. 14
33. 99 27..92 20. 12
33. 65 p*%,T4 22. 21
31. 73 31.,07 22. 30
31, 24 32..44 22*37
29,.45 30,.64 24. 73
34. 59 >4..03 22,,33
23..44 ?o..34 20*52
34.• ep 29.■ 27 24. 26
?9..39 35.,C4 ?C., 55
34.• S3 30.-16 23*-62
31.,70 35.► PP IS*,39
30.,P2 26,- 1 4 17,,86
33., 44 24,.92 24. 24
35.. 10 31.► 09 24.,P7
36,► 21 33.► 93 23.,01
34.■ 79 *26,,15 22..67
29..31 27..46 24.00
32.-95 31.► 19 23,>74
5TATFE
"TO CA
24.,06 20,21 30.,64
24.-PC ' PC,,35 32,.69
26.■ IS 38.T9 30.-25
33..15 46,,37 29.-02
35..62 28., P 4 27.,20
34.93 41 .• 16 26-,0636,.96 29,► 97 24,,64
33..49 21.► 00 24,► 31
3?,► 33 32..36 23,-23
33,>66 36.► 96 23., 64
34,. 53 27,.12 22,• 85
33,► fP 19.91 22,,81
33.► 94 31 .► 57 22,-73
34.. 18 PB.► 54 22,, 32
33,► 37 ?3,► 0 6 £1.,R2
3?.► £6 3P,► 63 22., 13
32.► 96 3P,► 36 22,.32
32.► 86 30.. 5? 22,► 47
32.► 93 32► 37 22-.92
33,► 44 27,► 00 22,► 6232..64 27.► 43 22,.23
32,.97 32-► 62 22.► 53
33,► CI 28,.25 22,.29
32,► 81 32.► 70 22..60
33,► 22 28'► 1 I 21,► 91
31..98 £8,► 04 21.► 73
3?.. 34 20,• P7 22.* 19
32,.96 31 ► 25 22,► 54
33,.43 26.23 22,► 41
32..20 32* 18 22,► 46
► 08 29 *41 22,► 7P
FMS ESTIMATION ERROR average filter standard deviation PARAMETER estimates TRUE 9n NOMINAL RAF
ITERATION T TCO CA T TCO CA ITERATION CTTFC E C^ T.-C Yr 0*03 C.4P 1* 19 2.CO 2.00 P.OP 0 3.7 £GB 43000. ".♦’ 625 4e?34*
1 C*9 I P* 03 0.97 1*28 0.51 1.97 1 3.5209 46347. P. 7f25 469 24.
2 1.53 1*12 1*53 I.  Cl 1.16 1.60 2 4.5319 4650*5. P.7635 4'7 74.
2 P.C5 2.10 0. 18 1 .48 0.78 I. 58 3 -C.2519 46C64. P.7635 4*924.
4 1*43 3*PP C.93 1 • P6 'l .  13 1.44 4* 1.6116 ' 46515. P.7€"S 46934.
5 P.96 1*23 0.22 P.03 P.73 1 .29 5 1.9465 462 55.’ 2.7635 4 69 24.
6 P.85 £ • PP 1. 54 C* 78 C.85 1.) 6 6 2. 09C9 4599 5- P.7625 4'9’ A.
7 r .i 5 P. 14 P*90 rt.70 P.55 1.67 7 2.2259 46249* P.7635 46924.
a 0*21 1.25 P. 57 0*75 0.49 1.01 8 2.3102 46369. 0.7635 46924*
9 C.C9 l*?S P.36 0*71 0.49 *0.97 9 2.4 334 46338. 0.7635 4<924;
13 r.i? - C.C3 C. 14 0.7P C.5? 0.93 10 2.4797 46337. . 0.7635 46924.
1 1 C.23 P.0 1 C.P3 . C.75 0.49 * 0.9 1 1 1 2.58 55 46341* 0.7635 46924.
11 P.31 2*37 C . 36 P.74 P. 49 0.89 12 2.7729 46293* C.7635 46934.
1 3 R.P2 P. 32 0.39 P.74 P. 49 P.36 13 2*8 42 6 46232. 0.7625 469 34.
14 C.C4 P.* 07 P..P5 P.77 P. 51 •0.85 14 2.600 3 46243. 0.7635 46934.
1 5 C.P7 c.co c.r.4 0.80 0.49 0.8 4 15 2.7 543 46247. 0*7625 46934.
16 C.23 C*C 4 0.C5 0.74 0. 49 C.83 16 2.6362 46247. r . 7 / 2 5 469 24.
17 C.5C P.08 P. 46 0.73 0.49 P. 8? 17 2.3969 46289. P.7635 46924.
ia 3.2" C.27 C. 12 0*71 P. 49 0.81 10 2.4667 4C279. 0-7635 4 69 34.
19 P.C3 P*23 P. 34 C. 71 P. 50 0.80 19 2.5378 46241. .0.7635 46924.
CC 3.13 r* 31 P* 27 P.. 73 0.49 0.80 20 2. 5035 46277. P•763* 46934.*
r.i P. 43 C.7P C.21 0.73 orf*9 0. 79 21 2.4 562 46240. 0.7635 46924-
22 C.ll P.5C P. 20 P.* 7? 0. 50 P. 78 22' 2.4736 46262. P.’ 635 46724.
S3 C.C2 C.39 P*62 0.73 P. 49 0.78 23 2. 5104 462CP. C.763F 469 24.
£4 e.34 £.28 P. 49 0.72 P. 50 0.77 24 2.4243 46129. 4*9,74.
15 r. 13 C. 37 P. 35 0.74 0.49 P.77 25 2. 475.3 46173. P.7625 46934.
26 P.34 P.C4 0.27 0.73 C, 49 0. 77 26 2.5852 46200. 0.7625 4*>24.
27 3.43 r.c i C.CC 0.72 0.49 0. 76 27 2.7208 46210. P.7425 4*924.
£5 p. pa C* 64 C.CO 0.72 0.49 0.76 28 2.7582 4621 4. 9.7635 46924.
£9 C* f 3 P. 57 C. 33 0.74 0.49 0.76 29 2.5516 46227. C.7635 4*934.
33 P. 14 P.. 7? P. 49 0.76 30 2.5444 46239. 8.7625 46934.
♦ F.1S ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATION
ITSTATION CrTFC E CnTFC E ITERATION T TCO CA CRTFC s
j £.9355 69 34. 3.COCO 7P.71. G * 2.0R 2* OC £* SO 3.C3SC 7071 *
1 2.7574 537. £.9880 1475. I 1.23 0. 51 1*97 £.9380 147 5.
2 3.5 153 429. 2. *027 912* 2 1.C1 1.16 1.68 £ .SC£7 912.
3 I.Cl 54 37C. 1.6312 614. 3 1. 43 0. 78 1. 53 1 . 63 1 2 614.
4 C . 6 43 1 419. 1.2036 461. 4 1.06 1*1-8 1. / 4 1.2P36 461.£ 1* f 329 (79. 1. 1195 * 379. 5 0.83 fi.’ 3 1 .29 1. 1195 379.
e 1.3274 939» I . 0201 327. 6 C.7B 0.8 5 I.IG 1.C201 227.7 1.4(24 63 5. 1 . PC9? 293. 7 C.7G O. 55 i.e.? I •PC9£ 292.5 1.5467 *65. 0.9929 £69. 0 0.75 0. 49 1.C1 0.9929 269.
9 1.(749 626* P. 9851 £49. 9 0.7 1 C.4*> P.97 P.935l 249.
10 1.7 US 597. 0.9759 234. 10 C.7P C* 52 P.93 0.9759 £34.
1 1 59 3* P.9607 ?£ ] a 1 1 0.75 C. 49 P.91 G.96P7 £21.
12 2 * C *0 5 641. 0.9483 210. is 0.7 4 C. 49 0.83 0.9433 £12.
13 S.C771 7P2. C.93 59 £01. 13 C.74 C.49 fi.06 0.93 F.9 £P 1 •
lo O.C3(3 691. 0.9156 194. 14 C* 77 0. 51 0.SS C.9156 194.
1 5 1.9 974 637. P.89C6 137. 15 c.ec G. 49 0,84 R.39C6 187,
16 1.3747 61*7. 0.97H4 181 . 16 0.7 4 0. 49 0.83 P.8784 131,
17 l.t  334 645. 0.8(89 1 75. 17 0.7 3 0.4? 0.8? 0.8637 175,
l i 1. 7 P 32 6S5. o.eers 170. 18 C. 7 1 0. 49 0.81 C.3623 I7P.
19 1.7743 693. 0.3570 166. 19 0. 7 1 C.50 e.ec C.8S7C 166,
£0 l.ASOC 657. 0.B43C 162. 20 0.73 C.49 P..80 0.8430 163 *
£1 1.(927 69 4. 0.0392 158. £1 0.7 3 0.49 0.79 0.839? 1*8,
22 1.710! 672. 0*8 323 1 54* ££ 0.72 C. 50 0.73 P.8323 154,
C 3 1.7469 7 34. 0.S039 151. 23 0.73 C. 6? 0.7 3 0,8239 1*1.
24 l.6(C7 79 5. P.81 (8 | 4P a 24 0.7 2 R. 50 0.77 0.81 4? U3.
1.71 18 7t 1. P . ft P ( 9 14 5. £5 C.74 C.49 C.77 2.20 49. 14*.
: 6 1.3617 734. 0.7992 142. 26 C.73 p. 49 P. 7 7 P. 79‘>2 I .V?.► - 1.957 2 7? 4. 0.7932 140. 27 0.7 2 0.49 0.7 6 P. 7 7 ?2 1?7,1 a 1.994? 7 PC. 0.7867 137. 23 0.7 2 P. 49 R.76 P.7-A?
f) I.TrTI 727. C,7784 1 3*. 29 '..74 V. 49 2.7 6 P. 77-..* 135,
1.76c* 69*. V.7724 133. 30 0.7 2 0.49 0.76 C.77P4 132,
3 5 0
t a b l e d  jS J hefilts from typical nm
MODEL: 3D
PARAMETERS: CRTFC/E
ESTIMATOR: IEFSCAUTOCORRELATED NOISE)
CONTROLLER: PP+LC
REMARKS: PRACTICAL
ELCTFJT I P 3 4 5 6 ? 8 ° 10 11 I? I? M l *  If1 1 1 1
2 PATAMETERCS) 1 COJT^ TLCF)
AVERAGE ACTUAL TIMES
DIAGONAL STATE 
ELEMENTS WEIGHTi c. mroPE oiP 0,00(3OPE 00
3 O.IOROOE 01
CONTROL PTOCEF? MFAFV^ EMFNT'•SIGHT NOISE T il* *
.CCrC.’ E CO 0.25000" PC- 7.L‘7"''T <* 1
c.p^oorr or P*4r*rr*,F pi
n.P5rc"E pp pmpppps pi
DESIRED CONCENTRATION* 22*50 GM3L/M3
AVERAGE RESULTS OF I RUMS
-G.33 
0.63 
P. 80 
2-09 
2. t 5 W3C 
0,37 
0*60 
0, 19 
0.46 
0.48 
-0.P5 
-C ,27 
-0*30 
-0.33 
-C.61 
-0.43 -O.CO 
-0.23 
-G.36 
-C.46 -0.4 2 
-0.P7 
-0.C1 
0. 19 
0*4 4 
0.47 
0.26 
-0.13
TCO 
-0.82 -fl.77 
-C.C5 -2.04 
-1. C2 0.78 
1.13 0.94 0.05 P.78 P. 03 0.87 0*31 -C.48 -0.63 0. 19 
-0.71 0.1 5 -0.07 -0* 14 0.C4 0*31 0. 13 0.8 4 0. 10 C. 48 
-2. IP -0.64 0. 52 -0.63 0.7 3
AVERAGE BIAS 
CA CRTFC 
-0.77 -2.9865 
0.14 -2.6619 
-0.35 -3*2225 
-1*41 -2.4657 
-2.27 -1,8237 
-2.28 -1,1478 
- I . 54 - I . 5773 
-1.01 -1.5603 
0.15 -1,5656 
0.69 -1.3593 
P.39 -I.P739 
0.32 -1,1211 
-C-01 - I * 3142 
-0,11 -1.4334 
P.09 -1,6341 
0,14 -2.C544 
-0.09 -2.2342 
0*17 -2.6274 
0.23 -2.7724 
0.C5 -2.9541 
0.17 -3 .?r63 
0.19 -3-4605 
-0.35 -3*4372 
-P .41 -3.4683 
-0.57 -3.3466 
-0.27 -3*1790 
0*01 -3*0961 
0*07 -3.P646 
P.32 -3.P9S1 
0*23 -3 .143C 
0.37 -3.1607
6934* 
I 2P6. 
6SP. 
323. 
69. 
52* 
t96* 
£45* 
336* 
477. 
557, 
61P. 
6P3*
553* 
536. 
563. 
567- 
59 5. 
617, 
•625. 
634. 
596. 
555. 
5P5. 
492. 
505, 
516* 
547. 
566*594 •
r 2P.-62 ?n. 71 19.,78 31,,06
i *r.► CC f 1., 2e Pl,,07 31,,072 52.► 0C PA., *? 39..30 31. 91
3 52.>:*c 31. 41 47.>r 6 ?! ,,4P4 27.►cr 36.■ 31 47,,33 3P., 50
£ ft.► CO 37. 42 28. 73 27, 376 28., PO 3f>..74 42..29 24,>527 29.► 91 37.■ 83 33.,P6 PP,.88
5 21.► 35 35*■ 35 ?9,,3? 2?.,64
T 26.,33 22. 21 31..95 19.,64
ir 28 *67 31., 54 £3,,33 19. 9P
11 22.,25 23,■ 92 30.► 50 PR., 18
12 £7,• 39 35.► 24 35.► 75 22,.14
1 3 25. 11 36. 21 32,► 27 22.-82
14 33*► CS 35..78 23.► Pl 21,.91
If 27., £7 36.■ 95 3?. 71 22.,0?
i : 23..53 37.. 34 f 9 ■► 56 23.► 13
17 31.► 75 35.1 17 3?.-23 Pl..96
13 £ 4* 40 35.,67 34.► IB PO,.66
19 28,► 53 36.,89 P8.► 09 22.■ 55
20 2C,► 65 36.,97 28.,47 21.► 14
21 29. 03 * 36.► 59 Pl.► 76 pn,.94
22 23,.20 34.► 23 ?*,► 14 24.. 16
23 31.>66 34.• PP P3.,07 24.•99.2 4 25..90 32.► 88 28,► 17 26..27
25 32,► 39 30. 96 33.► 24 24,► 49
26 23,► 73 33.► 83 30.► 49 22.► 62
27 25,.79 32..22 23,,27 22,.33
23 27*43 34..80 33..84 20..81
29 32,► 02 34.► 49 • 25.► 92 PO,► 53
23 22..31 34.► 33 27.► 53 19.► 58
STATE ESTIMATES TRUE STATES
‘ERAT! 9.1 T TCO CA y TCO CA24. 0 3 20* C? 31 .32 23..71 19.► 78 31..06
1 2 3. 16 2P.37 3C.34 23.► 79 19,► 60 30.► 93
2 £5. 16 33*9? 31 *?7 25.► 96 28-► 63 37,.9?
2 30. 6? 47.3 4 37.HP 3?,.71 4 5.• 79 P 9.► 39
4 25. 37 42*21 29. 53 37.► 52 46,► 69 27* 32
5 27. r 6 27*40 27.25 38,► 4? 23,► 18 PF,► 076 26 •£9 4P« 13 25*69 36,► 66 4!.► 26 *24,► 15
7 22* 2 £ 32*63 24.C2 38,► 55 33-► 62 23,► Cl
3 36. 79 3P.39 23. 17 36,-93 30,.44 23.► 327 35. 67 31*62 22. 19 36.► 13 35,► 4P 22..37
IC 24.,77 23*79 21.72 35.► 2C 23 <► 82 P2.► 11
1 1 33.94 29-26 21. 52 33,► 39 29,► 93 21..85
12 23.,?? 21*93 21*87 33.► 72 22-.24 21,.9613 34., 4 3 27. 66 22.C9 24.► 13 29.► 18 21,► 9814 24., C 2 26*73 21*96 33,► 70 26.► 1 5 2P,.05
1 5 22.' 93 21.57 22* P 3 23..36 21,► 76 22,► 17
16 34.i 73 29.23 22.20 34,► 26 23 <► 67 22,. 1217 24,.5 1 29* 16 22. P 5 34..21 29,► 31 PP.► 221 o 34. 7 9 31. 53 21*92 34,. 56 31 ,► 46 PP,► PO
19 25.,05 26.93 21.67 34.► 69 26.► 79 21,► 952P 24.,62 23.32 21*66 34.► 15 08.► 36 21,► 84
21 24.,47 23*34 21.EC 34.■ PS 23-► 65 21.► 69
£2 22*,40 27. 59 22-10 33,► 33 27.► 72 21.► 75
23 23.,42 23*78 22*62 •33.>41 * P9 <► 62 PP.► Pl
24 22.-26 3”*91 * 23.22 33..45 31 ,*31 22,► 65
2 E 32.,44 34*7 4 23.45 33..83 3e>► 22 23,. 13
26 22.i 9 5 33* 05 23.25 34,. 42 35.► 95 23,► 26
27 34,.■Ct 29*39 22.95 34.► 27 29,► 25 P3.► G?£3 34. 2 5 34.C9 22.63 34.► 12 34,► 62 22.► 96
2? 24. 29.43 22. 25 34.► 83 23 ■.85 PP.► 5633 34. 54 31. 19 21.99 34.. 52 31,.91 22,► 36
F.MS ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION PARAMETER ESTIMATES TF.L’E 0" NTSINAL PAnITERATION T TCO CA T TCO CA ITERATION CRTFC E CnTFC0 0*33 0.82 C.77 2.RC 2.00 2.0-0 0 2.7 5CC 4(4023. 0**»62£ 4'924.1 3*62 C.77 0.14 1.28 0*. 51 1.98 1 3.4254 45723.  ^k ”T £ *1 C 46924*2 0.5c C.25 0.35 1.01 1.27 1.67 2 3,9860 46314. ft.7635 46924*-3 E. 09 2.04 1*41 1.2? 0.65 1.5? 3 3.2292 46636. 0.762E 46924.4 2* 1 £ 1*62 2*27 1.31 0.54 1-41 4 * 2.5373 •46S65* 46924*5 1*36 C.73 2* 28 0.95 0.94 1.30 5 1.9113 46882. C.7425 46924*6 C* 37 1*13 1.54 0.74 0.80 1.19 6 2.2423 46723. C.7625 46934*7 2* £0 0*94 1.01 C.76 0.57 1.08 7 2.3238 46639. C.7635 469 34*B £*•19 C.C5 C*I5 C* 69 0.51 1.01 8 2.3291 46593. 46924.9 C.46 0.78 0.69 0.72 0.49 0.96 9 2.1233 46457. 0.7625 46934.*IP 0 * 45 e.03 C.39 0.75 0..F1 0.92 18 1.0 424 46377. • ft*7636 4 69 24.11 e.C£ ?•87 0.3? 0.80 0.4? . 0.89 11 1-8846 46324. f? t *T f *J r 46924*12 r.27 0.31 0.01 0.79 0.49 0.97 IS 2.0777 46231. 2.7625 4'"24.13 0.2C 0.43 0.11 0.77 0.49 0.B6 13 2.19C9 46354. C.7625 46924*
K 0.33 0.63 0.09 0.80 0.50 0.8*' 14 2.3976 46351. 0.7 625 46974*1 5 r*t i 0.19 0.14 0.81 0.49 0.34 15 2.8179 46348. 0.7625 46924.U 0*4 3 0.71 0.09 0.77 0.49 0.83 16 3-0477 4637 I . 4 69 74*17 c.t? C.1S 0.17 0.79 0.49 C.OP 17 3.39C9 4'?(7. 0.7625 46974*15 r.£ 3 0,07 0.28 , 0.78 0.49 P.81 18 3. 5359 46339. ft.7625 4/2.24*19 C • 35 C • I 4 0.23 0.77 0.49 O.BP 19 3.7176 46317. C.7C35 46934*23 C* 4c 0.C4 C. 17 fi.79 0.49 0,79 PC 3.9 693 46309. C.7635 46924.21 C.«,2 0.31 C.19 0.79 0.50 0.79 21 4.2320 46300. 0.7625 46924*22 0.0 7 0.13 C.35 0.8! r,. 49 0.78 22 4-2507 46333. 2.7625 46924.03 C.7 1 0.&4 0.41 0.79 0.49 0.78 23 4.2318 46379* P.762? 46924*c4 0. 19 0.10 0.57 0.77 0.49 0.78 24 4. ! ICI 46429. ft.7625 4 6 9 2.4*05 C * 44 0.4j 0.27 0.74 0.49 0.78 25 3.9 42 5 46442. ft.7635 46934.0 £ 0.47 0.10 c.et 0.7? 0.49 0.77 26 3.6 59 7 46429. P.962c 46974.07 C.26 C*(4 0.07 0.7? 0.49 0.77 P7 3.8281 46413. D * 762 c 46924.To 0* 13 0.52 0.32 0.72 R.49 0.76 28 3-8616 4C29 2. 0.7625 46924.29 £*••(* 3 0*63 0*23 0.72 0.49 0.76 29 3.9 115 46265. 2.7626 46934*33 r.ct 0.73 0.37 0.7? 0.49 0.75 30 3.9242 46235. 0.7625
r ir ESTIMATION EPP.OR A^AGE FI LIE" STANDARD DEVIATION STANDARD DEVIATIONITS FAT 10.1 CPTFC E CRTFC E ITERATION T TCO CA CRTFCc 2M565 69 34. 3. COOP 707*. 0 2.00 2.00 2.0,0. 3.000ft 7071.t 2*6619 123 6. 2.9873 1336. 1 1.28 0.51 1.93 2.9873 1336.2 3* 222 5 623* ".3600 8 3 fa ? 1.01 1.27 1.67 ? .3CRC3 2*4657 323. 2.0060 59 8. 3 1.22 G. 65 I .52 2. 0.06ft 59 £•4 1.5237 69. 1.6130 657. 4 1.31 Q. 54 1.41 1.612ft 457.5 1*1473 £2* I .3519 374. 5 0.95 ft.94 1 * 33 1.3519 374.6 1*5773 196. 1.2661 3? 4. 6 0.7 4 C.5G 1.18 I .2661 2? 4.7 1.56C3 29 5. WP312 239. 7 C.7 6 C. 57 1.03 1.2312 P89.5 1*5£56 336. 1.2273 265. B 0.69 0. 5} 1.C1 1•2P78 P6fa •9 1*3 593 477. 1.2131 P47, 9 . G.7 2 C.49 0.96 1.2181 247 ■10 l . f  759 557 • 1. 19 56 P3P, 10 0.7 5 P. 51 3.92 1.1956 222.1 1 1*1211 610. 1.1599 22 1» 1 11 0.U0 0.49 C.C9 1 . 1599 PP 1.12 1*3142 60 3. 1. 1268 Pl 1. 12 0.79 0.49 0.07 I. 1268 21 1.13 1*4334 £10. 1.1002 POP. 13 0.7 7 P.49 0.86 I . 10C? 20.2.
14 1*1341 £83. 1.0664 194. 14 0.80 R. 60 ft.65 1.0664 194.
1 F 0.0544 506. 1.P3PB IRB • 15 0.8 1 r.. 49 ft* 3 4 1 .0.323 188.1 5 2* f'l 42 563. 1."104 18?. 16 C.77 0.49 (’.3 3 I .Cl 04 182.1 7 0*6274 50* 0.9076 176. 17 0.79 C. 49 G.H2 2.9874 1 76.15 2*7724 59 f • 0.9680 171. 18 0.78 c.49 P. 8 I C.9CCC 171.19 2*9 54 1 617. 0.9 50.7 167. 19 0.7 7 0.49 0.80 0.9507 M7.£0 3.0063 625. 0.9 309 163. 28 0.79 0.49 0.79 ft. 9 3ft? 1 £2.
21 3* 4695 C3A* 0.9107 159. 21 0.79 0. 50. ft.79 ft. 9 10.7 15?.££ 2* 4372 596. (*.888 3 1 5 fa 22 C.81 C.4? 0.73 ft.8833 155.i 3 3* 4£% ? 5f f • O.17P3 I 5P. 23 0.79 0.49 R. 78 ft.8723 15?.£ •* 2. 3m£C 505. 0.8606 149. 24 C.77 0.49 ft.78 C.8606 149.r 5 2* 17*0 4?P. 0.8541 146. 25 C.7 4 0.4? 0.78 0. 3 541 146.
r c- 3*:?cl 50 5. 0..8FI6 14 3. 26 0.7 2 0. *9 0.77 ’ .3516 14".: 7 3* 04 4t> 516. 0.8494 |4fa 27 0.7? v*.. 49 0.77 P.3494 14”.2. 092 1 5 42. 0.8469 128. 28 0.7? e. 4? 0.76 ft.846? 1 ?*.
09 3* I 4,5 0 5< r.* 0-.8 4 5O 1 ?f. * 29 .0.7? 0.49 P.76 ft . 8 4 c ? 1?'.
30 3* If 07 599. 0.8419 133. 3C 0.7? ft. 49 0.75 ft. Ml? 123.
3 5 1
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A»g.g
2D
CRTFC/E
EME
GLC
PRACTICAL
2 STATE!5>
I -I -1 I 3
2 PARAMETER! S>
AVERAGE ACTUAL TII1ES
DIAGONAL STATE ELEMENTS WEIGHT
1 O.IOOOOE 012 O.IOOOOE 01
1 CONTROL!S)
PROCESS "MEASUREMENT" NOISE NOISE
o.orecoF oo c.psorrE oo 
o. tppope pp e.rsrcpE rr
DESIRED CONCENTRATION- 22.SC GM0L/M3
AVERAGE RESULTS OF I FINS
0.00
0.00
0.00
0.03
0.00
0.00
0.000.000.00
O.OO
o.co0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.000.co 
0.00 
0.00 
0.00 0.00 
0.00 
0.00 
0.00 0.00 
0.00
RMS ESTIMATION 
I ON CRTFC 
2.9B65 
3* C 639
3. 7 129
4. 1291 
4.297 4 3. 50 33 
3.4997 
1.5235 
1.9267 
2. 1900 
1.9965 
2* OPS 1 
1.7625 
1.6530 
1.6559 
).5338 
1.1224 
I * 1718
1. 1663 
1.P934 
0.9 465 
0.9107 
0.9079 
0.7738 
0.8016 
1.0006 
0.9 196 
0.9250 
0.8 554 
0.9441 
0.9692
AVERAGE DIAS 
CA CRTFC 
0.00 -2.9865 
0,00 -3.0699 
0.00 -3.7129 
O.PP -4.1291 
0.PO -4.2974 
P.CO -3. 5333 
P.00 -3.4997 0.00 -1.5235 0.00 -1.9267 
O.PO -2. 19C3 
0.00 -1.9965c.00'-2.ersi0.00 -1.7625 0.00 -1.6530 
P. OP -1.6559 O.0C -I.533S O.PO -1.1224 0.PO -1. 1713 0.00 -|.1663 0.CP -1.P934 O.CO -0.9465 0.00 -0.9107 P.eO -0.9079 O.PO -P.7738 0-00 -P.8P16 O.PO -1.PP06 0.00 -0.9196 0.00 -0.9253 0.00 -0.8554 0.00 -0.9441 0.00 -0.9692
6934. 
1733- 
1524. 
1 340. 
1234. 
1 174. 
1P®2. 
1028. 
1013. 
973. 
9 52. 
935. 
9C6. 
893. 
880. 
866. 
849. 
835. 
8 30. 
817. 
8P3. 
801. 
736. 
779. 
776. 
763. 
7 59. 
752. 
743. 
736. 
731.
6934. 
1733. 
1524. 
1340. 
1234. 
1174. 
1092. 
1028- 
1013. 
978. 
952. 
935. 
9C6. 
Q9 3. 
880. 
866. 
849. 
835. 
830. 
617. 
803. 
801. 
786. 
779. 
776. 
768. 
759. 
752. 
743. 
736. 
731.
AVERAGE TILTS" 
C"TFC 
3.PPpft 
2.6551 
• 2.6075
2.564?
2.2159 
2.2123 
1.6277 
I . 5164 
1.4077 
l.3®®3 
1.3933 
t . 3412 
1.3337 
1.3323 
1.2946 
1.8724 
1.P7P5 1.P6551.0459I.025! 
1.017?
P.9953
0.9737
P.97PP
0.8503
0.9467 
0.8466 
0*7 530
0.7447
0.7433
STANCAcr DEVIATION
111.
105.
100.
RESULTS FROM TYPICAL RCUJ
CONTROLS MEftSt°EMENTS
rERATlON TCI T TCO CA .
O 20. 00 24*19 3Pvri
1 29. 36 24-19 2r-24
2 27. 66 25-43
3 32, 95 26-93 29*5?
4 37. 71 28-56 23-76
5 20. 00 31-21 27*?1
6 20,>00 38-88 2 7-CP
7 39. 75 29*03 25-79
B 20.>00 30.49 26-12 •9 32. 79 30-62 25.7?
10 30. 86 3P-5T 25-54
11 25. 94 31*6? 25*14
12 31. 54 31-32 55-1?
13 31. 22 31-45 24-91
14 27. 76 32*10 24-59
15 20. 00 32.01 24-4416 36. 35 3^*53 24.44
17 30..96 31-05 26-6?
18 28. 35 32-23 24.25
19 29. 38 32*14 26-25
20 30.>54 31-53 26-33
21 28.>84 32-fP ?3-®4
22 28. 74 • 32*23 24-1923 35. 00 31*93 24.T4
24 20..00 32-67 27-96
25 34. 13 31-30 23-20
26 31. 6S 31-66 23.9®
27 20. 00 32-62 22.99 '
28 40. 46 31-23 23-97
29 ’ 27. 95 32-23 26-16
30 27. 93 33-01 23-9.6
PA!PANITER ESTIMATES TPUE or .NOMINAL PARAMETER!
rSP-ATION CRTFC E CPTFC r.
0 2.7 521* 4r?ec. P.7635 46934-
1 2.5324 45151. P.7635 469 34.2 4.4764 4541?. C.7635 469 34- •
3 4.5V?6 45594. 0.7635 469 34.
4 5.C6IC 457C0. 0.7635 46934-
5 4.3465 45768. 0.7635 46934.
6 4* 2 632 453,42. 0.7635 46934-
7 2*2372 45906* 0.763S 469 34.
3 2.(902 45921. 0.7635 46934-9 2.9525 45956. 2.7635 469 34*
12 2.7622 45932. . 0-7635 46934-'I 1 2.77 16 45999. 0-7635 46934-
12 2.5260 4(028. * 0.7635 46934-
13 2.4165 46041. 0.7635 46934-
14 2.4194 46054. 0.7635 46934-
1 5 2.3P23 46063. 0.7635 46934-
16 1.3559 4603 5. C-7635 469 34-
17 1.9353 46099. 0-7635 4 6? 34 -
15 1.9299 46!04. P.7635 46934-
1) 1. 3 tf-9 46117. B.763S 469 34-
2Z 1*7 1KC 46131. 0.7635 46934.
21 1.6742 46133. P.7535 46934.
22 1.6714 46148- 0.7635 46934-
23 1. 5 373 45155. 0*7635 46934-
24 1.565! 46153. 0.7635 46934-
25 1.7642 46166. 0.7635 469 34#
SC- 1.6531 46175. 0.7635 46934-
27 1.639 3 46132- 3-7635 469 34-
25 1.6139 4619 1 • 0.7635 46934-
£9 1.7076 46193. 0.763F 46934-
32 1.7328 46203. P.7635 46934-
STANDAPD DEVIATION: ,
CA CRTFC E
3.C0PC 7071.
2.655! 162-
2.C07B. 143-
2.5649 129.
2.4634 119-
2.2159 111-
2 .C123 1C5-
1 .‘6277 100*
1.5164 96-
1.4077 93.
1 .3993 91.
1.3958 08.
1.3419 86.
1.3337 34-
1.3328 82.
1.2946 80.
| . 0724 79.
1.0705 77.
1.0655 76.
1.0459 . 75.
I.R251 74.
I.C.l 73 72.
0.9983 71,
0.9737 70.
0.5720 69.
C5.55P3 68.
0.3467 63.
0.8466 67.
0.7530 66.
0.7447 65.
0.7433 64-
3 5 2
TABLE A . 89
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
RESULTS FROM TYPICAL RUN
2D
CRTFC;E 
EME 
PP+LC 
PRACTICAL
ELEMENT 
RUN CODE
£ STATE! S)
I -1 - I I 3
2 PARAMETER!S) I CONTROL!S)
AVERAGE ACTUAL TIMES 6.11 3.08
DIAGONAL STATE CONTROL PROCESS •'MSASVPEMEN™
ELEMENTS HEIGHT HEIGHT NOISE NOISE
1 O.ICSCOE 01 0.0G3PCE 00 C.0COP0E 00 P.2SPr"E PC
2 0. 10OOOE 01 0.0O0OPE CC 0.25PP0E CP
DESIRED CONCENTRATION- 22.50 GM0L/M3
AVERAGE RESULTS OF 1 RUNS
CONTROLS
TCI
2C.GC
sr.cc 20.00 
22.ce
53.CC2S.CC
2C.CC
22.45
35.49 
27.37 
32.85 
24* 9 K 
32.11 
33.10 
27. IS 
29. 34 
31.19 
31.51 
31-CO 
23.69 
32. 59 
23.36 
37.26 
29.54
29.49 
31.68 
31.83 
32.94 
27.71
MEASUREMENTS 
T TCO CA 
.19 30.24
.24 30.3ft
.08 29.54
•00 28.65
.43 28.13
.10 27.29
.27 26.33
.00 26*11
. 15 25.50
.15 24.85
.05 24.76
.93 24.76
.45 24.55
1.41 24.43
,84 24.48
.84 24.42
*.67 24.14
1.54 24.17
*.H 24.16
>.36 24.12
>.7| 24.08
P.G6 23.85
>.80 23-86
>.54 23.99
>.49 24.05
1.36 23.87
1*80 23.80
J.2B 2.3*66
1.19 23.76
1.41 23.61
1.58 23.74
AVERAGE DIAS PARAMETERESTIMATES TRUE OP NOMINAL ?A*ITERATION T TCO CA CPTFC E ITERATION CPTFC E CRTFC E0 0.00 o.on -2.9865 6934. 0 3.7 see 4P0CC• P.7535 46?"4.1 0.00 o.cc -3.1432 1774. 1 3.9068 45162. 0.7635 46934.2 O.PP P.CC-1.7646 1 556. 2 2.5281 4537B. 0.7635 46924.3 o.co 0.00 -2.1330 1330. 3 2.8966 45604. C.7635 46934.r 4 0.00 C.00 -1.2353 1 200. 4 1.9988 457 34. 0.7635 46934.5 0.00 0.00 -I.47«2 1 123. ' 5 2.2333 4?e06. C.7635 46934.6 C. GO o.oo -1.6699 1053. 6 2.4334 4E38I. 0.7635 46924.7 O.OO O.OC- 1 . 17 59 9°3, 7 1.9395 459 36* 0.7635 46934.0 o.oc g* pn - 1.37 56 973. 8 2. 1 391 45961. C.7635 46934.- 9 0.00 e.oc -1.5297 933. 9 2.2932 4599 6. P.7635 46934.10 O.PG O.PP -1.221? 90S. 10 1.93 52. 46029. 0.7635 46934.11 0.00 O.P.O-1.2273 88 5. • 1 1 1.9913 46049. 0-7635 46934.12 0.00 O.PP-1.2279 867. 12 1.9914 46067. 0.7635 46934*13 0.00 o.co -I. 1933 849. 13 1. 9 57 3 46P8S. 0.?635 46934.14 0.00 O.PP-1.1678 624. 1 4 1.931 3 46110. C.7635 46934.1 5 0.00 o.re - 1*1374 810. IS 1.9C09 46124. 0.7635 4*934.16 0.0 0 e.nc -1.1411 803. 16 T.9046 46131. 0.7635 46«>34.17 0.00 o.cc -1.1360 79 5. 17 1.8995 46149. F.7635 46934.18 0.00 0.00 -1.0732 772. 18 1.841? 46.162. 0.7635 . 469 34.19 o.co n.re -1.0672 76P. 19 1.8 307 46174. 0.7635 46934,20 o.co O.PP-1.0597 750. 20 1.8232 46104. C.7635 46934.21 0.00 O.PP -1 • 0536 744. 21 1.8221 46190. 0-7635 469 34.22 0.00 C.F.0- 1.029 5 733. 22 1.7930 46201. 0.7635 A6Q34,23 0.00 e.rc -0.93 65 721. 23 1.7500 46213. G.7635 4*9 24.24 o.co o.oo -0.9B60 709. 24 1.7 49 5 46225. 0.7635 46934*25 0.00 o.co -1.0150 706. 25 1.7785 46228. 0.7635 469 3.4.
26 0.00 0.00 - 1.0232 69 7. 26 1.7918 46237. 0.7635 46934.27 0.00 n.po -0.98C7 691. 27 1.7443 46243. C.763S 46934.28 0.00 o.oo -0.9S27 682. " 28 1.7162 46252. 0.7635 46934.29 0.00 0.00 -0.9427 674. 29 1.7062 46260. 0.7635 46934.30 0.00 o.oo -0.9393 668. 30 1.7028 46266. 0.7635 46934.
ML ESTIMATION ERROR AVFPAGE FILTH1STANDARD DEVIATION STANDAPP DEVIATIONITERATION CPTFC E C'TPC ITERATION T TCO CA CPTFC EF 2.9865 6934. 3.PPPR 7071. 0 3.2CC0 7071.1 3. 1432 177 4. P.6r30 161. 1 2.6530 161*2 1.7C.4C 1 556. 1.324* 138. 2 1.3245 138.3 2.1330 1 330. 1.2966 1?3. 3 1.2966 123.4 1.2353 1200. 1.1164 114. 4 1.1164 114.5 1. 4 7 C 2 1128. P.5244 107. 5 0.8244 10 7.C 1.6699 1053. P.. 79 58 101. 6 0.7953 101.7 1.1759 995. 0.7121 9 7. 7 0.7121 97.8 1.3756 973. C* 6290. 94. 8 0.6290 94.9 1. 5297 930. P.Cl 17 90. 9 C.6117 90.IC 1.2217 905. P. 579 5 33. 0. 5795 83.1 1 1.2278 88 5. P.5791 66. 1 1 0.5791 86.12 1.2279 867. P.. 5783 84. 12 0.5783 84.13 1. 1938 849. 0. 5767 82. 13 0.5767 82.14 1. 1678 824. C.5C4S 80. 14 0.5645 80.! 5 1. 1374 610. G.5636 79. 15 C.5636 79.. 16 1. 141 I 803. P.5635 77. 16 0.5635 77.17 I. 1360 73 5. P.5673 76. 17 0.5578 76.18 1*0782 772. 0.5532 74. 18 0.5532 74.19 1.C672 760. C.£524 73. 19 O. 5524 73.ae 1.C597 7SC. 0.5S19 72. 20 0.5519 72.
21 1.G536 744. P.. 5508 71. 21 0.5503 71.
22 1.C29 5 733. 0. 54 59 70. 22 0. 5459 70.23 C.9B65 721. 0.5434 69. 23 P.5434 69.24 e.9 see 709. P.539C 65. 24 0.5390 69.25 1.0150 726. 0.5376 67. 25 0.5376 67.26 1.0282 697. P.536P 66. 26 0.5360 66.27 C.98e7 691 . P,. 5305 65. 27 0.5305 65.28 C.9527 682. 0.5259 65. 28 0.5289 65.
£9 0.9427 67 4. C. 5281 64. . 29 0 .5281 64.3C C.9393 668. 0 .5262 63. 30 0. 5262 63.
3 5 3
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER;
REMARKS:
TABLE A* 90
2D
CRTFC/E 
EME
PP+GLC 
PRACTICAL
Z STATE CS)
AVERAGE ACTUAL TIMES 
UJAjINAL state 
r * c. icppp.z ei2 . 0*lCC00E Bl
2 PARAMETER!S>
ESTIMATION
1 1C It  12 13 14 IS 16 
! 3 “ 1 4 1 1 1 1
1 CONTROL!S>
CONTROL . PROCESS "MEASUREMENT"
WEIGHT NOISE NOISE
O.eflC.ZP.E 00 0.25P00E 00 
0.O00POE P0 0.25OB0E 00
SSI FED CON CEJ7PATION* 22.50 GM0L/M3
average results or
C.CO
C.C?
0.00 
Z.CS 
C.C0 
C.CC 
S.EC 
C.S3
c.rz
c.oz
e.oe
C.ZZc.ccc.ca
0.CO 
c.ce
FrriitATio.;cr»TF cC.986S 
3. ? 387 
1.7797 2.17.081.P040 1•VP IP 1.6993 
I.2C46 1. 3 593 1.4959 I.1827 1.31C3 I • 41 53 1.2P02 
1.2C53 I.CC56 1. 1S 57 I. 1 520 1. I 5C9 1. 1476 1. 143 5 I.C377 
1.P8C2 1.0542 1.C87C 
1 • PC I 5 1.P67 5 1. 1320 C.9927 C.9956 0*9822
AVERAGE BIAS 
CA CPTFC F
C.es -2.9365 6934.
C.ZS -3.C387 1753.
0.CP. -1.7797 ISIS.
C.GC -2«1788 1302.
P..EC -1.PC40 1178.
P. 03 -l.5r.IC • 108 2.
B.re -1.6993 1036.e.00 “1.2C46 979.
C.CZ -1.3S98 934.
C.eS -1.49 59 89 5.
C.CC -1. 1327 861.
B.KR ~I.31P3 838.
C.ce -1.4153 823.
C.P3 -I.2P02 793*
e.CS -1.2253 776.
C.ZO -1.2C56 761.
C.CC -1. 1857 745.
C.CC -1.1520 729.
O.CC - I . 15P9 714.
P.CE - I . 1476 701.
3.23 -1.1435 693.
C.C0 -1.2377 677.
C.CC -I.C362 669.
C.CE -1.C342 663.
P.. EC -1.0870 655.
P..PP -1.0015 641.
C.CC -1.P67S 636.
2.EZ -1.1320 628.
C.CC -e.9927 619.
C.Ce -0.9956 610.
0.00 -0.9822 605.
K
69 34. 
17 r» 3. 
151 S. I302. 
I 173. 
IP82. 
1036. 
979. 
9 34. 
895. 
061. 
338. 
823. 
793. 
77 6. 
761. 
745. 
729. 
714. 
7E1. 
693. 
677. 
669. 
66C. 
655. 
641. 
636. 
628. 
619. 
610. 
6CS.
AVr."ACJF FILTF" 
C'iTFC 3.0000
p. 6An®
1 . 29 58 
i . r/i'ViI. oo r*7 
0.8135 
0. 7t*69 
O.7077 
P.6"®1 
0.6103 
0. 5619 
P. 523P 
C. 5104 
0.4789 
0.4733 
P.4737 
G. 47 51 
0*4735 
0.473" 
P.4733 
P.4723 
0.4549 
0.4549 
0.4523 
0.4457 
0.4?S0 
0.4106 
0.4054 
P., 3333 
P. 3533 
0.3324
CONTROLS 
TCI 
20. PG
50.00 ?n.EB 
20*00
50.00
20.00 
20.00
50.00
20.00 20.C0
50.00 
20. P.0 
20.CP 
36.41
31.21 
27-14 
30.95
30.00
33.21 
31.86
20.00
36.76 
36.69 
26. St * 
20.00 
50 . 00 
20,CO 
20.00 
37* 1135.77 
20.00
RESULTS FROM TYPICAL PTTJ
3P.P9 
23-43 
32.10 
32.36 
3P.P9 
33. 32 
33. 19 
33.7P 
33.71
33.49 
3P-97 
31.3? 
32.54 
32.27 
32.06
32.41
32.50
33.41
31.84 
32. 10
33.84 
23.67
31.62 
34.49 
34.45
31.62 
31.93 
33.75
CA3f.ee
3P-66
T9.?®£?.?7
rs.ro 
2 7.73
24.36
24.45
£4.47
24.43
24.01
24.21
24.P3 £3.71 
22.3? 
24.17 
24. IP
PAFANETZ” ESTIMATES TFUF- OP NOMINAL PARAMETER!
ITERATION C.-TFC E CPTFC EC 3.7 VC2 42ZCC. C.7635 46934*
1 3.5IT2S 45131. C.7635 469 34*2 2.5433 45419. 0.7635 46934. -3 2.9423 45632. 0.7635 46934.4 1.9 67 5 457 56. 0.7635 46934.5 2.2645 455 52. • C.7635 469 34.6 2.4629 45395. 0.7635 46934.7 1.963 I 459 55. C.763S 46934.e 2'. 1 233 46r.CC. 0.7635 46934*9 £.2 59 £ 46C39. 0.7635 46934.1C 1.9463 46C73. 0.7635 469 34.
11 2.2739 46096. 0-7635 46934.*2 2. 1758 46111. 0.7635 46934.13 1.9635 4(141. 0.7635 469 34.14 1.9C3S 46153. 0.7635 46934.1 5 1. 9 691 46173. 0.7635 46934*
16 1.9452 461B9. 0.763S 46934*. 17 1.9155 462G5. D.7635 46934.13 1.9 144 46220. 0.7635 4 69 34-19 1.91 1 1 4(233. 0.7635 46934.22 1.9122 4(241. 0.7635 46934.21* 1.2512 • 46257. P.. 7635 46934*£2 1. a 4V 7 46265. 0.7635 46934.23 1.3477 46274. C.7635 46934*24 1.3 EC 5 4(279. 0.7635 46934.25 1.765e 46293. 0.7635 46934*
26 1*8 310 46296. P..7635 46934.27 1.2956 463C6. 0.7635' 46934.• £3 1.7 562 46315. 0.7635 46934.29 1. 7 59 I 46324. 0.7635 46934-3? 1.7 457 46329. 0.7635 46934.
STANPA"R PFVJATION STANDARD DEVIATION
F ITERATION T TCO CA CPTFC E
7P7I. C 3.0000- 7071 *1 *■>. 1 2.6509 159.137. 2 . 1 .29 58 137*iro. 3 1.2698 122.
113. 4 1 . 09 57 113.
106* 5 C.8135 106*ter. 6 C.7369 100*
9 6. 7 0.707T 96.
93. 5 0.6291 93.9P, 9 P.6103 9C.87. to C.5619 87.• 8 5* 1 1 C. 5230 85.
33. 12 C.5104 63*
31. 13 0.4789 81*
7®. 14 0.4788 79.78. 15 0.4737 78.76* 16 0.4751 76.75, 17 C.4733 75.74. •18 0.4730 74.73. 19 0.473S 73. f7?. 20 0.4723 72.70. 21 0. 4549 70.70. 22 C.4549 70.69. 23 0.4523 69.68. 24 0.4437 68.67. 25 0.*428C 67.66. 25 0.41B6 66.65. 27 0.4054 65.64. 23 0.3833 64.64* 29 p.. 3833 64.63. 3C 0.3824 63.
354
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 9 I RESULTS FP-OH TYPICAL JUN
2D
CRTFC;E
EME
PP+LC
PRACTICALC DISTURBANCE)
ITERATION
ELEMENTnm code I -i - l  . i
a PARAMETER!£
10 I I 12 I? 14 IS 16 3 - 1 3 1 1 1 1
1 CONTROL!S>
ESTIMATION CONTROL 
AVERAGE ACTUAL TIMES 0.12 3.09
DIAGONAL STATE CONTROL PROCESS “MfASfPriENT"
ELEMENTS HEIGHT VEIGHT NOISE NOISE
1 0.1000OE 01 O.OOOOOE 00 O.OOCPOE 0.0 P.2S00PE re
2 0 .10000E 01 O.PPOOOE 00 0.25PCCE 00
DESIRED CONCENTRATION- 22.50 GU0L/M3
AVERAGE RESULTS OF 1 PUNS
CONTROLS 
TCI 
20. CC
53.00 
ae.ce 
27. 37
31. 54 
31.45
20.72 
40. 18 21. 10 
22.92 
31.7C
24.72
32. 51 
3?.45 
34.32 
32.57 
31.17 
42.27 26. £6 
31. 47
37.07 
35. 52 
37.36 
32.42
34.7 6
MEASUREMENTS 
T • TCO CA 
.19 30.45
•IB 30.£2
.95 29.73
.00 28.77*
.43 28.32
.06 27.39
.27 26.40
.00 26.01
.15 25.41
.97 25.04
.32 25.06
.45 24.96
.75 • 25.16
.80 25.13.06 24.98
.49 24. 74
.06 24.61
.64 24.37
.80 24.62
.93 24.34
.49 24.65
1.93 24.33
1.32 24.23
.32 24.58
1.75 24.43
1.53 24.16
1.68 23.97
1.71 24.10
i.B6 23.90
1. 19 24.02
i.06 23.96
ITERATION
0
T TCO 
0.00
CA CRTFC 
o.eo -2.9865
t
6934.
PARAMETER 
ITERATION CRTFC
ESTIMATES
E CRTFC
1 0.00 0.00 -2.8585 1737. 0 3.7 500 40006. P.7635 46934.
2 0.00 O.P.O -1.7ID0 1 516. I 3.6220 45197. 0.7635 46934.
3 0.00 0.00 -2.0851 1306. . 2 2.4735 45418. 0.7635 46934.
4 O.CO O.OO -1•2187 1163 . 3 2.8 486 45623- 0.7635. 46934.
5 0.00 O.PP -1.4351 1103. 4 1.9822 457 66. C.7635 4*934.
6 0.00 O.CO -1.6776 IC39. 5 2.2 48 6 45831. P.7635 46934.
7 o.eo O.CO - 1 .1893 ‘ 939. 6 2.4 41 ! 45895. P.7635 46934.*
8 0.00 0.C10 -1.3801 9 64. 7 1.9 533* 45946. C.7635 46934.
9 o.oo O.CO -1.4921 . 924. 8 2.1436 45970. 0.7635 46934.
10 0.06 O.CO -1.2553 886. 9 2.2 556 46010. C.7635 46934.
11 0.00 C.CO -1.2445 862, 10 2.0 188 46043. P.7635 45934.
12 o.co B.GO -1.2454 823, 1 I 2.0C80 46372. C.7635 46® 34.
13 0.00 fl.RO -1.2412 8PI. 12 2.C0B9 461C6. P.7635 46934.
14 0.06 O.OC -1.2337 784. 13 2.0047 46133. 0.7635 46934.
15 0.00 O.CO -1.2940 764. 14 2.0523 46150. 0.7635 469 34.
16 0.00 P.OO - 1 • 28P-6 745. 1 5 2.P575 46170. 0.7635 46934.
17 0.00 0.CO -1.2782 731. 16 2.0441 46139. P.7635 46934.
18 0.00 O.eo -1.2916 7P9. 17 2.0417 46203. 0*7635 46934.
19 0.00 0.00 -1.2920 699. IB 2. 0 551 .46225. 0.7635 46934.
20 0.00 0.00 -1.3233 678. 19 2.0555 46235. , C.7635 46934.
21 0.00 0,00 -1.3137 669. 20 2.0B69 46256. P.7635 46934.
22 0.00 0.00 -1.3160 655. 21 2.0323 46265. P.7635 46934.
23 0.00 O.fiO -1.2786 634. 22 2.0795 46279. 0.7635 46934.
24 0.00 C.CP -1.2420 627. 23 2.0422 46300. 0.7635 46934.
25 0.00 0.3O -1.2269 620. 24 2.0056 46307. C.7635 46934.
26 o.eo 0.00 -1.2230 610. 25 1.9904 46314. 0.7635 46934.
27 0.00 C.CO -1.242} 598. 26 1.9065 46324. C.7635 46934.
28 0.00 0.00 -1.2325 593. 27 2.0056 46335. 0.7635 46934.
29 0.00 O.OO -1.2515 582. 28 1.9960 46341. 0.7635 46934.
30 0.00 0.00 -1.2515 573. 29 2.0150 46352. 0.7635 46934.30 2. 0 1 50 46361» 0.7635 46934.
-MS
ITERATION
ESTIMATION EH 
Cr.TFC E*3P AVERAGE FILTER STANDARD DEVIATION CPTFC F STANDARD DEVIATION2. 9365 
2. Z 53 5 
1.7 1C?s.r?n
i.cl*7  
1.4361 
1.6776 
1.1893 
I . 3321 
1.4921 
1.2553 
1-2445 
1.2454 
1.2412 
1.2337 
1 •2942 U23C6 
1.2722 
1.2916 
Uf.923 
1.3233 
1.3137 1.316Z 
1.2736 
1.2 423 
1.22C9 1.2220 
1.2421
1.2325 
1.251 5 
1*251 5
(9 34. 
1737, 1514. 
1 3r 6. 
1168. 
1 123. 
12 39. 
983* 
964. 
924. 
336. 
662. 323. 
801. 
734. 
7(4. 
74 5. 
731. 
729. 
699 * 
C73. 
669. 
655. 
634. 
627. 
620- 
612. 
59 3. 
593. 
532. 
57 3.
3. 0OR3 P.6*21 
1.2683 1.2436 1 .0773 
0.3120 C. 78 58 0.7061 0.6268 6.6893 C.59 25 0.5922 0.5922 
0, 59 19 8. 5308 
0.53C8 0. 530 5 C. 5301 0.5798 0.5797 0. £748 0.5734 0. 5721 P.E7P6 C.S5b2 P.. 551 4 0.5507 0.5496 C.£483 0.5460 0.5460
7071,
160.
133.
123.
114.
107. 101. 
9 7. 
94. 
90.
CPTFC 
3.POP0 
2.6521 
1.2633 
1.2436 
I .0773 
P.8120 
0.70 50 
0.7r6l 
0.6268 
0.6P93 
0. 5925 
C.5922 
P. 5922 
0.5919 
0.5380 
P.5308 
P. 50D5 
0.5301 0.5703 
0.5797 
P. 57 43 
0. 57 34 
0. 57 21 
0 .S7P3 
0.5562 
0. 5514 
0.£ 507 
0.5496 
0. 54>33 
0.5460 
0 .54Ce
7P71. 
16P. 
133. 
123. 
.114. 
107. 
101. 
9 7/ 
94*
3 5 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMAP-KS:
TABLE A. 92
2D
CRTFC/E 
EME *
PP+LC
PRACTICAL
3 4 5 6 7 8 
1 - 1 - 1  1 3 1
2 PARAMETERC S) 1 CONTROLS 5)
AVERAGE ACTUAL TIMES
STATE CONTROL PROCESS "MEASUREMENT”
"EIGHT "EIGHT NOISE NOISF
.'PlrCCE Cl 0,0GOOeE SO 0*CPCRRE 00 B.25CBPE 00
, icccrz si c.eoceos oo o.25BOOE op
DESIRED C0.1CS17RATX0::b 25.00 GM0L/M3
AVERAGE RESULTS OF
AVERAGE PX AS 
T TCO CA CRTFC 
F.CC 3.PC -2.9865
e.FO ft O.CO -1.2E33
O.ec 0.00 -0.0581c.re e-.ec -0.0211e.or e.ce -0.2r.5cc.ce o.ec -e.ssoec.cc o.ee -c.4866
C.CC e.EP -0.6139
o.ee c.cc -e.6221
C.CC C.CC -0.7640
C.CC C.CO -0.C57C
C.CC C.CC -0.6649
C.CC e.CC’-G,660fc
3.CC C.CC -0.6423
C.CC 0 .CC -0.6303
C.C7 C*EC -0.C26C
C.CC 0.00 -0.6232
C.CC C.CC -C.619C
C.CC O.CC -0.6053
C.CC C.0,2 -P.€047
3.03 C.CC -0.5956
0.0,3 O.CC -0. 5857
C.C3 C.CP -0.5744
C.CC O.GC -C .£715
3.33 C.CC -0.5717
O.CO C.CO -0.5519
C.C3 C.CR -0.5493
O.CC C.CO -C.SS22
C.CC O.OC -0.537E
C.CC O.CC -0.5297
C.CO 0.00 -C .5278
6934. 
-741. 
-610. 
-496. 
-411. 
-352. 
-262. 
-205. 
,-126. 
- 103. 
-92. 
-84. 
-49. 
-53. 
-54. 
-39.
103.
165.111.
RMS ESTIMATION ERROR
ERATION CRTFC E
n, C...MUC. f i l i ;:
0 2.9865 6934. 3.1 1.2033 741. l.  ir?42 0*0 551 610. 0. MRS3 C.C211 49 6.
4 0.2050 411. 0.43375 0.3806 352. fa 40926 0.4866 262. ?•39337 0.6139 20 5. 0.38078 0.60 31 126. 0.37399 0.7640 103. 0.360310 * 3.6570 92. 0.3374! 1 0.6649 84. 0.3373
12 0.6606 49. C•337013 0.6423 53. 0.3341I* 0.63C3 54. 0.3334I 5 0.6260 39. 0.3333
16 0.6232 19. r . 333917 0.6190 IN P.331218 0.6053 14. P.330319 0.6047 23. C.33“520 0.5956 42. 0.329 521 0.58 57 43. 0.327122 0.5744 49. 0.326823 0.5715 68. 0.3267
24 0.5717 75. 0.325325 0. 5519 ’ 76. fa3P39
26 0.5498 86. O.323927 0.5522 94. 0.322728 0.5370 103. 0.320329 0.5297 105. r.3?r.530, 0.5278 111. 0.3203
S?ANRA"D DS"! ATI 3*1
239.220.
204.
189.
179. 
171. 
163. 
1 55. 
14fa 
143. 
137. 
t 32* 
127. 
1 P3 » l?C. lie. 
113. 
110. 
12 7. 
10 5. 
10 3. 100.
CONTROLS 
TCI 
20.00 
' 20.00 
20.00 
56*00 
20.00 
56 .00 
20.60
50.00
20.00 
20.0038.49 32.26 26*98 31.95 32- 19 31.57 28.67 32. 50 31.13 30. 14 27.41 32. 19 32.79 23.2229.49 33.45 28.21 28.25 31.85 31.19 29.03
RESULTS FROM TYPICAL PUN
49. 56 
44.66 
33.81 
34.71
36.61
35. 49 
37. 17 
35-96 
37. 56
36. 18 
32.90
33. 15
34. 14
33.22 
33. 10
33.41 
33-67
33.32 
33.19
33.49
33.32 
32.Tl
32.62
33.23
33.06 
32. 54
33.06 
33.01
32.41
32.49 
32.83
F/►R«v:E7~r. ESTIMATES TRUE OR NOMINAL PARAMETERS
ITERATION CRTFC t CRTFC E
c 2*7 5»!C 4*200. 0.7635 469 34.
I 1.9C69 4767 5. 0.7635 46934.
2 ?•£ 216 47544. 0.7635 46934. •
3 C.7246 4742C. 0.7635 46934.4 C.9635 47345. 0.7635 46934.E I . 1441 47226. 6.7635 46934.6 1.2302 47196. 0.7625 46934.7 1-2774 471 3? . 0.7635 469 34.
3 1.4466 47C62. 6*7635 46934.4 1.5275 47C37. 0.7635 46934.1C 1.4236 47C08. 0.7635 469 34.
U 1.4235 47018. 0.7035 46934.12 1.4241 46933. C.7635 46934.13 1. 40.63 46937. 0.7635 46934.14 1. 2723 46933. 0*7635 469 34.I 5 1.3395 46-973. 0.7635 469 34.16 1. 33 67 46953. 0.7635 46934.17 1.3225 469 4 5. 0-7635 46934.13 1.2633 46922. 0.7625 46934.19 1.265c 4691*1. 0-.763S 46934.23 1*2591 462VC. C.7635 469 34.21* 1.24?c ' 463'U. 0*7635 46934.22 1.2279 4623 5. 0.7635 46934.23 1.325C 46966. 0.7635 46934.24 1.3252 46557. B.763S 469 34.25 1.3154 46358. 0.7635 4 69 34.
26 1.3124 46343. 0.7635 469 34.27 1.3157 4634B. 0*. 7635 46934.£3 1 *32CS 46331. C.7635 46934.29 1.2933 46329. 0.7635 46934.2D 1.2913 46323. Oi 7635 46934.
STANDARE DEVIATION
ITERATION T TCO CA CRTFC • E3.00COI.1224 
C.6122 0.4562 0.4337 0.4092 
0.3933 0.3307 0.3739 
C.36C3 C.3374 0.3373 0.3372 
3.3341 0.3334 0.3333 0.3329 0.3312 
C•3308 0.3305 0.2295 0.3271 
C.3263 
0.3267 S.3253 P.3239 0.3239 0.3227 C.3208 0. 32(55 
"C* 3203
7071. 
366. 
329. 
3C5. 
283. 
260. 
239. 
220,. 
204. 
189. 
179. 
171. 
163. 
. 155. 
149. 
143. 
1 37. 
132. 
127. 
123. 
120. 
116. 
I 13.no.
1(57- 
105. 
103. 
100. 
98* 
* 96.
3 5 6
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A» 9 3 RESULTS FROM TYPICAL RUN
3D
CRTFC/E
EME
GLC
PRACTICAL
1 2 3
3 STATE! S)
AVERAGE ACTUAL TIMES
1 - 1 2  6
2 PARAMETER S)
STATE 
WEIGHT 
n.iooccE oi o.neoaoE oo 
0.incnoE ni
I CONTROL!S>
PROCESS "MEASUREMENT" 
NOISF NOISE
c. poppce ok n.psrpRE cp 
fl.offlpPE cr- o.pvrnrr cc 
P.ESPPPE cc
DESlRED CONCENTRATION- 22.50 GM0L/H3
AVERAGE PESULTS OF I RUNS
AVERAGE RlAS
CONTROLS 
ON TCI
22. PB
29.91
25.91 3Z.9 3 
24. AC 22.83 
27. 35 22.43 
31.93
Cr. 262r.«?l
31.33
24.6!
22.35 
23.7C 
23.26 
21.77 
32.9 3 
32.62
22.32 
22 .23 
22.70
23.61
23. C 6 
34. CS 
35-95
27.32 
34.7 3 
24.46 *
32.61 
29.53
PARAMETER ESTIMATES
MEASUREMENTS 
T TCO 
1*10 20*44
i. C6 20.40 
, 53 35.40 .69 27.26
.37. 29.71
.92 33.43
.27 32.47
! • 14 2.5.09
.27 21.74.24 31.96
1.15 31.73
'.36 31.23
1.23 30.77
1.75 33.90
1.0! * 3P.9 5 
1.41 29.11
1.32 32.47
33.7! 32.10
33.88 33.02
34.10 31.23
34.01 32-65
34.06 33.95
33.84 32.10
34.19 33-34
33.84 28.83
33.84 33.43
34-59 34.76
34-32 29.02
33.97 23.43
34.66 34.35
34.88 32.65
CA
31.39
31.46 31.03 30.42
29.78 
29.02 
29.A6 
27.38
26.79 26.3B * 
25.91
25.44 
25*32
25.00 
24.7!
24.47 
24-47
24.45 
24.3C 
24.29 
24.17 
23.99
24.00 
23-78 
23*94
23.46 
23.77 
23. 53 
23.45 
23.37 
23.28
TRUE OR NOMINAL «A*“AMETErF
ITERATION T TCO CA CnTFC F ITERATION CnTFC E CPTFC F
0 O.OO 0.00 o.co -2.9365 6934. 0 3,7 5C0 4DCC0. P.7635 4 69 34.
1 0.00 0.00 O.OO -2.0O73 I 59 3. 1 2-7709 45341• 0.7635 46934.
2 0. 00 C.00 O.CO 1.6596 1369. 2 -0,8961 45565. 3.7635 46934.
3 0.00 e.oo 0.00 O.5605 ! 149. 3 O.203P 4578 5. C.7635 46934.
4 0.00 C .00 0.00 0.7015 1 006. 4 C.062C 45928. 0-7635 4*9 34.
5 O.PO e.ro 0.00 C.6667 914. , 5 0.0968 460FO. 0.7635 469 34.
6 0.00 e.oo o.ee 0.6373 850. 6 0.1£62 46084. P.7635 46034.
7 0.00 O.OO 0.00 C.5515 76 5. 7 0.2120 461/19. 0.7635 46934,
6 0.00 0.00 0.00 0.6169 745. 8 0.1466 46189. 0.7635 4*934.
9 0.00 0.00 o.co 0.62!1 708. 9 0.1424 46226. P.7635 46934.
10 O.OO 0.00 o.co 0.6248 681 . ' 10 0-1337 46253. o n e s 46934.
1 1 0.00 0.00 0.00 . 0.62I5 659. 1.1 0-1420 4627 5. C.7635 46®3/j.
12 0.00 C.P0 c.ce P.6120 633. 12 0.1 515 46301. 0-7635 46934.
13 0.00 o.co o.oo P.6424 619. 13 0.1211 46315. 0.7635 4*9 34.
1 4 0.00 0.00 e.oo 0. 5763 603. 14 0.1868 46331• 0.7635 469 34.
IS 0.00 0.00 0.00 0.5146 539. I 5 0.2439 46345. C.7635 469 34,
16 0.00 0.00 o.nc 0. 5623 575. 16 0.2012 46359. C, . ‘r635 469 34,
17 0.00 0.00 0.00 0.5536 561. 17 0.2053 4637 3- C.7635 46®34.
IB 0.00 0.00 0.00 C.5947 553. 18 C.1 60S 46331. 0,7635 46®34,19 0.00 e.oo P.PO C.5624 539. 19 0.2CI2 4639-5. 0.763? 46934.
20 0.00 0.00 P.PC 0. 5966 530. 20 0* 1 669 46404- 0. 7-635 46934.21 0,00 0.00 0.RO 0.5637 523. 21 * 0- 1948 • 4641 1. C-7C-3S 4*934,
22 0,00 0.00 O.OO 0.5990 513. 22 0.1645 46421- 0.763* 46934,
23 0.00 0. 00 0.00 P.6C41 SIP. 23 0. 1 59 5 46424- C.7635 46934,
24 0.00 0.00 O.CO 0.4824 497. 24 0.2811 46437. 0.7635 4(934,
25 o.co 0.00 0.P0 0.4943 SCO. 25 0.2692 46434. P • 7635 4*®34,
26 0.00 c.cc O.CO 0.5214 491 . 26 0.2422 46443. k 0.7635 46934.27 0,00 0.00 P. 00 0.4866 486. 27 P-2769 46448. 0.7635 4*934.
28 0.00 O.OO 0.00 0.569 7 434. 28 0-1933 46450- 0.7635 46934.29 0.00 0.00 0.C0 0.5681 432. 29 0. 19S4 46452- 0.7635 46934.30 0.00 0.00 0.00 0.5423 479. 30 0-22)2 464S5. 0.7635 46934.
’ R.-SC ESTIMATION ERROR AVERAGE FILTER STANDARD DEVIATION STANDARD DEVIATIONITERATION CRTFC £ CPTFC E ITERATION T TCO CA CPTFC EC 2.9965 69 24. 3.CC0? 7071. 0 3.COCO 7P7 1 •
1 2.PC73 1593. 2.578? 157. 1 2-5782 . 1 ST-2 1.6 596 1369. 1.3756 137. 2 1.3756 137.3 e.56CS 1149. 0.5971 123. 3 P .5971 123.4 o.7i:» 5 IPP6. 0.592! 113. 4 0- 5921 113.5 £•6667 914. 0.5723 1P6. 5 0-5723 1C6.6 0, 6373 852, O.f.687 ICC. 6 0.5637 IPG.7 73 5. 0. 5414 9 5. 7 0-5414 95.
8 0.6169 745. 0.5363 92. 8 0.5363 92.
9 0.621 1 7ea. 0.5356 89. 9 0.5356 89.
IS C•6243 68 1. 0.5346 86. 10 0-5346 86.
11 C.6215 659. r •5288 84. 11 0. 5233 84.
12 2.6120 633. 6.5235 82. 12 0- 5235 82.
13 2.6424 619. 0.5221 30. 13 0 -5Cc1 80.14 R.57C9 60 3. 0.51O3 73. 14 ’ 0.5103 78.
1 5 C.5146 589. 0.489 7 77. 1 5 P.4397 77%
16 0.5623 57 5. 0.486O 75. 10 C.4860 75.
17 C.5556 561. P.4336 74. 17 P.4836 74%
15 C.5947 553. 0.4330 73. IB 0.4330 73.19 C.5624 539. 0.4753 72. 19 P.4753 72.
£C 2.5966 532. 0.4731 71. 20 C.4731 71%
21 C.5687 523. P.4639 70. 2! P.4639 70.
2C 0.5990 513. 0.4608 69. 22 0 ,4GP6 69.
23 C.604I 510. 0-4604 63. 23 C-46C4 68%24 C.4824 497. H. 4/iPS 67. 24 0 .44C8 67%
25 2.4943 500. 0.4374 66. 25 0.4374 66%
26 e.5214 491. P.. 4364 65. 26 0.4364 65.
27 C.4566 436. P.4145 65. 27 0.4145 65%28 0.5697 484. P.4104 64. 28 0.4104 64.29 P.5681 48 21 0.4104 63* 29 0.4104 63.3C 0-5423 479. 0.4063 63. ‘ 30 0.4083 63.
3 5 7
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A* 9 4 RESULTS FROM TYPICAL HTI
3D
CRTFC;E 
EME 
PP+LC 
PRACTICAL
5 6 8 U 12 13 14 IS 16■ * » ♦ -i -* « o i £ a -1 3 I 1 1 |
3 STATE!S> 2 PARAMETER!S> 1 CONTROL<S>
,,.CP. - P riMfrer ESTIMATION CONTROLA’. EPA jE ACTIAL TIMES 0*22 3*9 5
I
STATE CONTROL PROCESS "MEASUREMENT"“EIGHT WEIGHT NOISE NOISEZ.1TCC0E 01 O.CCO00E 00 O.eCCCOS 00 0.2500CE COZ.CCCC?E ?Z 0*C0eO3E 00 0.25030E 003«tCCC£& 01 0.250O0E 00
DESIRED CONCENTRATION* 22*50 GM0L/M3
AVERAGE results OF
C.CCC.CO
c.ee
c.ccc.ccc.ee
0.02
CA
C.CCC.CCC.CC
e.cz 
0.23 3.CO C.ZZ 
C.CC 2,7.3 
0.03 3*00
a.e2e.?3
e.eo
C.CC
C.CC
C.CCc.c?e.cc7., 7.7. 
C.CC 
C*72 -c.cce.ecc.rzp.cz
o.cc
0.33
e.ec
c.cc
Z.“C
7,2?..
2,22
e.cec.cc7,72
2,22
0.30e.c23.320.03
e.zr
0.03
AVERAGE PIAS
-1+8%  -2.1189
7,223.0?
O.CO
C.CC 0.00 
fl.SS 
C.CC 
C.CR 
C.CO 
0.0*0 
2,22 
3.03 ' 
C.CC 
S.C0 
C.CO
.33
e.ecc.cc
0.00
0.3335
C.4134 R.C943 
S. 1953 ■ ?.1342 3. 1393 0. IC44 7., 1701 0.1454 0.1512 0.1570 
0.1533 0.1433 S.1536 0.1457 fi.1535 C.1512 0.1373 
2,1406 3. 1297 
0.12?1 3.1226 0.I 154 
C. 1 193 0.1165 0.0926 
0.0833
6934. 1926. 1 535. 1335. 
121 I. I 123. 1052. 101 5. 9 74. 926. 896. 374. 
343. 820. 807. 78 6. 775. 
763. 749. 737. 725. 712. 703. 716. 69 I. 63 5. 673- 666. 664. 655. 646.
CONTROLSTCI
20.20
50.00
20.00 
20.00
50.00
20.00 
20.00
50.00
20.00 
20* OC
50.00
20.00
29. 1 1 
31.91 
31.7S 
28.45 
32. 14 
30.03
31.33 
30.48 
27.69 
33.94 
29.74 23.21 
33.30 
30.36 
32. 10 
34.20
30. 10 
28. 18
35.34
3.7 51’C 2. 35.24 
-C.CC79 2.3596 2.3793 
0.3531 0.4696 C.5632 
C.6294 2.6642 G.659 I C.£934 2.6132 
2.6C23 2.6265 C.C297 2,6222 C.6129 C.617B 
C.613I 2.6123 C* 6263 
C.6229 Z.6333 ’3.-641 4 2.C4C9 
C*C4S1 C.6437 C. 6 470 
0.67e9 
0.6753
ERATIQN CRTFC E crTec E ITERATION0 2.9865 6934. 3. ?**"" ’ "71 . C1 2.1189 1926. 2 . * 1
2 0.8335 1 585. 0,5477 137. 2.3 0* 4039 1 335. 2.4743 121 . 3.4 ■ 0.3042 121 I. C • 47 69 113. 45 0.4104 1 128. 2.3191 106. 5
6 0.2940 1052. 0.2767 1C?. 67 0.1953 1015. e.26€? 96. 7
8 0.1342 974. 0.2313 ‘ 93. 8
9 0.1093 926. 0.2192 39. 9
10 • 0.1044 896. 0.2123 37. IC
1 1 0 .I7CI 874. 2,7777 4 1 1
12 0.1454 843. 3. 1927 82. 12
13 0.1612 820. 0. I®17 30. 13
14 0. 1 570 807. 0. 1915 79, 14
15 0. 1 538 786. O. 1915 77. 1516 0.1433 775. 0. 1907 76. 1617. 0*1 506 763. 0. 1®C5 75. 17
16 0.1 457 749. n. i®**© 73. 13
19 0.1 50 5 737. o. i©?r 72 * 19
20 0.1512 725, C. 1397 71. 22
21 0.1373 712. e. 1837 7C a 21
22 0.1406' 708. 0. 1851 69. 22
23 0,1297 716. 0. 1376 63. 2324 0.1221 691 . 0. 1863 67. 24
25 0.1226 68 5. 0. 1362 67. 2526 . 0. 1 1 54 67 3. P. 18 59 66. £627 0.1 198 666. 0 .IS =9 65. 2780 0.1165 • 664. 0. 1357 64. 2329 0.0926 655. 0. 1349 63. 2930 0*0883 646. 0. 134C 63, 30
t\V.:’AZ, 
4624V. 4SS99* 45723. 45306. 45332. 45319. 
457CC- 467 7.7, 460x33.46063.46391. 46114. 46127. 
46143. 46153. 46171. 46135. 46197. 
46209. 46222. 
46226. 46213. 
46243- 46249. 46261. 46263. 46270.
46279. 46283.
24, C2 20.35 :
23.97 sr.30 <
- 29.17 44.36 *
29.97 23.72 !
28.21 27.>1 !
32.45 45.24 1
32. Cl 23.?? :
29.33 21.43 ;
33.45 45.20 :
32.54 ?2.4? !
30. 40 21.r© ;
33.97 45.57 •
33.10
31.BF 23.?’  :
32.C3 21.9C :
32.67 21.or ;
32.53 29.11 1
32. 53 31.55 !
32.84 20.4? J
32.75 2". 9 1
33.Cl 3t.r© :
32.49 23.23
32.71 32.93
33.06 20.31
32.49 23.46 ;
32.71 32.5? \
33.C6 30.72
* 33. 1C 31. 60
33.80 34.73
33.71 30.4’ -
33. 15 £8.9?
:s TRUE or NOMINAL PA1
Ct1‘"rC F
Z•7625 469 24.
0.7635 46724.
0.7635 46934.
0.7635 46934.
0.7635 469 34,
0.7635 469 34.
0.7635 46924.
0.7635 469 34.
0.7635 46934.
0.763* 469 34.
0.7635 469 34.
0.7635 469 34.
0.7635 46934.
0.7635 469 34.
0.7635 469 34.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
0.7C35 469 34.
0.7635 469 34.
0.7635 46934.
0.7635 469 34.
0,7635 4 69 34,
0.7635 46934,
0.7635 46934.
2.7635 .46934.
0.7635 46934.
0.7635 46934.
0.7635 46934.
STANDARD DEVIATION
CA CRTFC E
3.00R0 7071.
2. 5922 160.
0.84C0 138.
0.4743 121.
0.4269 113.
0.3191 106*
0.2307 100.
0.2663 96.
0.2318 93.
0.2192 89.
0.2123 87.
0.2007 85.
C. 1927 82.
0. 1917 80.
C.1915 •79.
0-1915 77.
0.1907 76.
0.1905 75.0.1902 73.
0.1900 72.
2.1899 71.2,1887 70.
0. 1331 69.
0.1370 63.
0. 1963 67.
0.ie62 67. /
o. ids? 66. j
0. 1859 65* 1
0.1857 64.
0. 1849 ’63.
0.1840 63.
04-"l ?4. 15 
04.15 
24.0 7
23. 11
24."0 
23-97 
24.03 
23.93 23.73 
23. 7? 03. 78
3 5 8
TABLE A . 9 5
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
RESULTS FROM TYPICAL RUN
3D
CRTFC/E 
EME
PP+GLC 
PRACTICAL
3 STATE!S>
1 - 1 - 1  2 6
2 PARAMETER! S)
AVERAGE ACTUAL TIMES
DIAGONAL STATE 
ELEMENTS WEIGHT
1 D.1OCC0E 01
2 O-OOUOOE 00
3 0-ieflGOE 01
I CONTROL!S)
PROCESS "MFAS'^ SMFN™ 
NOISE NOISEc;rr.rrcF 00 2-5*00?" 0" 
O-GP000E 00 0.25000E 00 0-2*0orE or
DESIRED CONCENTRATION* 22.50 GM0L/M3
AVERAGE RESULTS OF I RUNS
AVERAGE BIASITERATION T TCO CA C"7FC F0 e.oo 0.00 C.CO -2,9865 6® 34.1 0.00 0.00 0.00 -2.215? 1771.2 0- BO 0.00 0.00 1*0902 1535.3 0-00 0.00 O.C0 C-4932 13C2.4 0.00 C.CO C.CO C.45C3 1 173.S 0-00 e.oo 0.00 0.7604 109 1-6 o.co 0.00 0.00 C.4711 101 I.7 p.ao O.CO 0.00 0.4004 968-8 0.00 C-00 * 0.00 -2.3254 931-
9 0.00 0.00 0.00 -2*3251 836-10 0.00 0.00 0.00 -2* 6345 357.
1 1 e.oo 0.00 O.CO -2.6C93 322-12 0.00 C.CO 0.00 -2.6234 791 -13 0-00 0.00 0.00 -2.6919 738.14 0.0C o.co 0.00 -2.6357 761.IS 0.00 •0.00 0,00 -2.6794 737-
16 0.00 0-00 0.00 -2.6759 722.17 e.oo 0.00 0.00 -2.6726 7C5.
18 0.00 0.00 0.0.0 -2.6632 639.19 0.00 0.00 C.CC -2.6632 675.20 0.00 G-00 0.00 -2.6673 661 .21 0.00 0.00 P.0.0 -2.6664 654.22 * 0.00 o.co 0-C3 -2.6616 645.
23 0.00 0.00 P.00 -2.6601 627.24 0.00 0.00 0.00 -2.6571 6*2.25 0.00 0-00 O.CO -2.6583 6C9-26 0.00 0.00 6.00 -2,6561 599.27 0.00 0.00 0.00 -2-6568 EBB.26 0.00 e.06 G.fC -2.6565 534.29 0.00 0.00 C-CO -2-6567 574.30 0-00 0.00 0-00 -2.6567 564.
I "STATION * cf.TFC ; v: ?rr>R AVF.PARF. ? ll«"ir!CPTFC2 2-9"(5 (924. 3.OFG0.1 2.2 I£2 1771, 2. (.0262 1-0902 1535. ' 0.36813 0.-49 3? 13"2, B.439B4 . e-4 5.09 1173, 0.39915 2-76T4 !?9 11 0.29536 2-4711 ion. 0.25997 963. 0.24589 2.3254 93!, fl.ecoi9 2-3251 336. 0.06601C 2.6343 857. a.064411 2-C 29 3 620. 0.064412 2.6234 791. B.C64313 2.6919 799. 0-063914 2.65 57 761. 0.063915 2.C794 737. 0.063316 2.6759 722. 0-063317 2-6726 7G5. 0-063813 2-6632 639. 0.063319 2.6683 67 5. 0.0638re 2.6673 661. 0-063321 2-6 664 654. 0.C63322 2-6616 64 5. 0.P637S3 2.(621 627. 0.P63724 2-65/1 622. 0.0637.25 *2.6 533 609. PS • 063726 2-6561 559. 0. EC-3727 * 2-65(3 S?3. 0.063725 2.6565 554, 0.063729 2.6567 574- fl-063732 2.6567 564- 0.0637
STANUAPR RFVIATION
1 ?9. 
123. 
114.
CONTROLS 
ITERATION TCI
c 2c.cn1 £?.P32 20.0.0
3 23.CC4 £f..0C
5 22.00
6 2c.ec
7 52-22
9 20.CO
9 ‘C.CC
1C 23.CO
11 2S.CZ
12 SC. 0.0
13 2C.CC
14 2C.es
15 33.93
16 20.GO
17 3)« 63
t3 27.60
19 29.C2
23 * 36.45
21 20.0-0.
22 32.37
23 * 39.53
24 26.53
25 35.33
26 32.46
27 32.45
23 3UC7
. 29 31.46 *9 30 36.68
PARAMETER ESTIMATES 
ITERATION CRTFC E
C 3-7 SCO2.97* 
-C.3267 
0.27P3 
0.3127 
0.0032 
0.2924 
0.3631 
3.0839 
3.0836 
3. 395 3 
3.3929 
3.3370 
3.4 554 
3.4492 
3.4429 
3.4394 
3.4361 
3.4318 
3.4315 
3* 4305 
3.4299* 
3.4251 
3.4236 
3.4206 
3.4218 
3.4197 
3.4203 
3.4200 
3. 4203 
3.4202
4OCO0. 45163. 
45399. 
45632. 
4S761. 
45843. 
45923. 
459(6. 
46003. 
46043. 
46077. 
461 I 4. 
46143. 
46146. 
46173. 
46197. 
46212. 
46229. 
46245. 
46259. 
46273. 
46230- 
46299. 
46307. 
46312. 
46325- 
46335. 
46346. 
463S0. 
46360. 
46370.
23.93 
24.02
29.26 
29.87 
28.25 
32. 3?
31.93 
29.61
32.R4
32.27
34.93
33. 58
30.92 
34.36 
34.40 
31.49
31.93 
31.71 
32.06 
32.83
32.32 
33. 19
32.32 
31.75
33.28 
33. IS 
33*01
33.32 
33.C6 
33. 15 
32.97
MEASt'FENF-NTS
TCO
20.44
20.44
44.45 
22.88
20.96
43.96
CA
22.55
20-44 
43.78
22.46 
44. 54
23.25 
21 . 57 
45*61 
24.33
21-76
35.86
23.25 
36. 18 
28.92
29-20 
34.76
23.25
29.48
36.49 
27.12
32.47 
30.00
30.86
30-40 
30.40
30.. 46 
30.46 
29 . 63 
23.72
28.27 
27.67 
26. 76 
26.39 . 
25.97 
25. *6 
25. 13
24.48 
24. 59
24.28 
24.09 
24. 1 4 
24-43 
24. 53 
24. 77 
24. 67 
24.63
24.44 
24.20 
24.61
24.49 
24. 42 
24. 46
24.45 
24. 15 
24.27 
24.31
7P.VE 0" I®* I INAL
r.76?50.763?
0.7635
C.7635
0.7635P.7635
0.7635
C.7635
0-7635
0.7625
2-7635
0.7635
0.7635
P.7635
0.7635
0.7635
0.7635
0-763?
0.7635
0.7635
0.7635
C.7635
0.7635
0.7635
0.7635
0.7635
0-7635
46 3^4. 
469 34- 
46®34. 
46® 34. 
46734.
46934. 
4(934. 
46934. 
46®34. 
46934. 
45®34. 
46934. 
4t®34. 
45934. 
4*934. 
46724- 
46934. 
46934* 
46934- 
46934. 
46934. 
46734. 
46®24. 
46934. 
46934. 
46934-
STANDARD DEVIATION
CA CPTFC E
3.CPC0 7071.
2.6026 160.
0.8631 139.
0.4398 123.
0.3991 114.
0,29 53 107.
0.2599 101.
0.2453 97.
0.P661 94.
0.2660 90.
C.C644 37.
0.C644 85.
0.P643 33.
0.0639 31.
0.G639 • 79.
0.C63S 78.
P.C633 76.
0.0633 75.
0.0633 74.
0-0633 73.
0.C633 72,
0.0633 70,
0-0637 69,
0.0637 69,
0.0637 69,
0.0637 67,
0* 0637 66,
0.0637 65.
0.G637 64,
0.e637 63.
0.0637 63.
3 5 9
TABLE A. 9 6
MODEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
RESULTS FROM TYPICAL PCI
3D
CRTFC/E
EME
PP+LC
PRACTICALC DISTURBANCE)
7 8 9 IR It 12 13 14 IS 16
: CODE 
STATE!S>
1-1-1 2 4
2 PARAMETER!S) 1 CONTROL!S)
AVERAGE ACTUAL TIMES
VZICHT 
2 .tCrDTE 31 
C.3CC00E Z2 
0.1 CC30E 31
CONTROL PROCESS "MEASUREMENT"V EIGHT NOISE NOISE
.cr.scftE oc c.r.eecps 0,0 b.rsopce ?.?.O.03C00E OR O.P53ROE RO 0.25000E 00
DESIRED CO JCEMTFA7I00= 22- SO GM0L/M3
AVERAGE RESULTS OF
CONTROLS 
TCI 
20. CO 
* 50.03 
20.00 
20.00 
50-00 
20.00 20.00 so. eo
20.03
20.00
16-89
50.00 £0.0020.00 29.80 
37.74 
31.76 
31-65 
39.e6 
3C.20 
36.69 
35.44 
32. 12 
33.55 
30.17 
39.84 
35. 11 
36.22 
37.35 
30.62 
37.88
23.97
24.02
29.26
29.87 
28.21
32.27 31 .97 
29.74 
33.45 
32.67 
33.0? 
27.90 
31.32
36.3134.32
32.27 
32.84
33.10
32. 54
33. 19 
33. 10 
33.01 
33. 58 
33.G6
33. 54
33.10 
33.62
33.88 
33.93
34. 19 
33. 58
MEASYREMEN* 
TCO 
00.40 
22.35- 
44.31
22.69 
21 .0! 
44.36 
23. 16 
21 .33 
4 5.48 
23. C7 
21.38
19.69 
44.45 
47. 13
29.7= 
23.33 
03-36 
27.49 26. 53 
26.06 05.74 
25.23 
2 5.10 
25.72 
25.54 
24.93 24.26 
24.47 
24.42 
31.96 24.35
23. 53 
29.25
31 .08
36.3 I 
30.86
35.03 
35*03 
31-55 36.90 
30. 53 37.8 1 
34.26 
35.54 
36. 18 
31.23
24.43■ 
24. 27 
24.03
24.35 
24. 15 
24.22 
24.29 
24. 16 
24. 12 
94. 1 1 
23.37
23.36
23.37
TCOc.re
0.20
P.CCc.cc
o.ccc.co
0.00
C.C2
c.cc
c.rs
o.co
C.POc.ccc.cc
n.ro
33 o.cc
AVERAGE DIAS 
CA CRTFC 
1T.CC -2.9365 
0.0?? -2.0055 
C.CC 1.2066 
0.73 0.1336c.cr e.2123 
e.CC -1.2535
e.ro -1.0301 
0.20 -I.2CC2 0.00 -1.I 163 o.oo -l.ir«4 Z.Z7 -1.3742 
O.CC -1.33 53 C.CC -1.2955 7.0C -1.2364 O.CO -1.0054 E.C3 -1.1923 
0.07 -I.I5?5  C.CC -1.1953 
8.03 -1.1946 C.30 -1.183? C.CO -t.1926 fa RE -1.1866 0.30 -1.1855 3.PC -1.1914 C.CO -I, 1854
f..0-2 -1.1947 
0.00 - I  * 19CC 
0.PC -1.1949 
0. 02 -1. 1939 
e.HO -1.19CC 
0.B3 -1 . 1956
6934. 
1776. 
1 527, 
1093. 
1171. 
1114. 
1033. 
983. 
953. 
903. 
887. 
848. 
339. 
820. 
736. 
761. 749. 
733. 
714. 
703. 
653. 
675. 
667. 
652. 
645. 
631 • 
624. 
613. 
608. 
601. 
590.
RMS ESTIMATION ERROR 
ITERATION CPTFC E0 2.98 GS1 2.20552 wore*
3 0.1836
4 0.2123
5 1*05356 1.22(1
8
I .21*22
1.1 163 1.1704 1.0742 1.33 
1.293 51.2 364 1.2054 I. 1923 1.1895 1.19*0 1.1946 1.1330. 1. 1 ,JR6 I.1066 1.1855 I. 1914 1. 10 54 1. 1947 1.1900 )• 1949 I.1939 1.1906 1.1956
69 34. 
177 6. 
1 507. 
1293. 
1171. 1114. 
1033. 
980. 
953. 9T3* 
807. 
848. 
839. 
920. 
786. 
761. 
749.
733. 714. 
703. 
689. 
67 5. 
667. 6*2. 
64 5. 
631 . 
624. 
61 3. 
608. 
601 . 
S90.
AVERAGE SILTS" 
CrTFC 3.rr-'" ?•f1?C V.9 5
2. *M **? r • 1 '*** 
?. 168? 0. 1667 0.1652 0.1633 0. 16**2 
T .1*69 1541 
P. I F*“* r. if"? r.1*"10 . I 4 ■> “ 0.149t0.I4"7 P.1493 fa14*10.14*90.1459 n.1499 2.14*6P. I4P 5 P. J 4*50 0.14?2 
P .1479 
0.1479 P.14"7
PAPAMETER. ESTIMATES TRUE 9* NOMINAL "A*AME
« ITERATION CF-TFC. E CPTFC E0 3.7500 40000. 0.7635 46934.1 2.9890 451 58. . 0.763* 469 31.2 -0.5431 4S407. 0.7635 46034.
3 0.5749 45641. 0.7635 469 34.
4 0.5512 45763. 0.763? 4'33A.
5 2.0170 45320. P.7635 4*034.6 1.9936 4*901. 0.7C-3* 46934.
7 1.9657 45954. 0.763* 4693a.8 1.8790 ‘ 4 593 1. P.. 763* 40  34.9 1.8639 46031. 0.763* 46934.10 1.8378 460*4. 0.7635 4**34.
11 2. 1 49 3 46086. 0.7635 4C-o 34.12 2.0621 4609*. 0.7635 4*304.
13 1.9999 46114. 0.7635 46936.14 1.9 609 46148. 0.7635 4*924.15 1.9559 46173* 0.7635 4693d.16 1.9530 4618 5. P.7635 46936.17 1.9535 462G 1 • e .76?S 469?4.18 1.9532 46220. P.7635 469 34•
19 1.9465 46231. 0.7635 460 74.20 1.9 561 46246. 0.7635 46134.21 1.9 502 462*9. 0.763* 46*36.22 1.9490 46267. 0.763* 46036.23 1.9 549 46202. 0.763* 46* 34.24 1.9439 46039. 0.7635 6*930.
25 1.9 58 2 46303. 0.763* 46934.
26 1.9535 463I0. 0.7635 469 30.
27 1.9504 46301. 0.7635 6*034.28 1.9574 46326. P.763* 46934.
29 1.9541 46333. ”•7635 46034.30 1. 9 59 1 46344. **.763* 4*9 34.
f?f't7»V*T "T’ lRTI y« STANDARD DEVIATIONr ITERATION .T TCO CA CRTFC E
7r"i. 0 3 OOPO 7C71.1 1 259*2 160.
* i 33- . 2 0879* 133.
ITT. 3 03274 122.
113. . 4 03130 113.127. 5 01694 107.
in . 6 01680 te I.9 7. 7 01667 97.
93. 8 • 01650 93.
9". 9 01633 90.8 fa 10 0.1620 87.8' . It n 1563 * 86.* 4. 12 C.1541 54.
13 01*20 82.
7?. 14 01*0* 70.tc % 15 0.1*01 78.
7'-. 16 6.1497 76.7c, 17 0 1497 75.74. 18 0.1497 74.
7?. 19 0.1493 73.7t. 20 0.1491 71.7*. 21 0t499 7C.
6 fa 28 0.1489 69.6*. 23 01439 68.* 7. 24 0 i 436 67.67. 25 0.1435 67.6 5. 26 01430 . 66.
**• 1 27 0.1480 65.64. 28 0■1479 64.
t?. 29 0.1478 63.6 3. 30 n.1477 63.
360
MO DEL:
PARAMETERS:
ESTIMATOR:
CONTROLLER:
REMARKS:
TABLE A® 97 R E SU LT S  FROM T Y P IC A L  r**!J
3D
CRTFC;E 
EME 
PP+LC PRACTICAL
1-1-1 2 6 
2 PARAMETER!S>
AVERAGE ACTUAL TIMES
1 CONTROL!F>
CONTROL
4.6?
DIAGONAL STATE CONTROL PROCESS "MEASURE* IT IT"
ELEMENTS HEIGHT WEIGHT MO I PE M31 SE
1 C. IORPOE 01 O.OPOROE 00 O.POPT’ E 00 P.PFPPPF CP
2 C.000OOE OP r.OCCPCE CO C.2SCCrE cc
3 'B.lonCGE 01 n.PSOCCE on
DESIRED CONCENTRATION® 25.00 GM0L/M3 ^
AVERAGE RESULTS OF
AVERAGE DIAS
TA*IRATT  DEVIATION
2.9065 
1.2433 
€.33 37 
0.7721 
0« 3744 
0.2963 
0.4032 
0%1655 
0.16G9 
0.1343 
O.CO37 
0.0 506 
0*0636 
0.0638 
0.0217 
0.0256 
0.0131 
0.0124 
0.0103 
0.CC65 0.0102 
0.0114 0.0 1 56
o .n i is
0.0234 
0.0336 
0.0351 
0.0 335 
0.0326 
0.0313 
0.0412
6934. 
679. 
623. 
463. 
449. 
46C • 
412. 
404i 
346. 
274.
242.
243. 
209. 
165. 
155. 133. 
124. 
113.
91.94.
0.2392 
C. SOPS C.2C68 
C. 1929 
0. 19C3 
P .1379 
C* lS7f C. lB5r 
C .IB?) 
C. 132® 
0. 13C3 C. 1302 0.170 6 
P .1791 
P.17RS 
C .1734 
P .1753 
P. 1 7?P 
P.I7®P 
P. 176?
c . 1761 
p . 1755
C. 17 5? 
C. 1751 
P. 1751 
P .1750 
P .1745
133. 
I 7«, I ( ?. ICC. 
153. 
146. 
141. 13*. 
131.
1 19. 
116. 113.
CONTROLS 
ON TCI20.RH
2P.0C
50.0020.00 20. CP 
50.OP 
26.57 
39.0 5 
28.88 
34.10 •
28.29
36.98
35.47
26.89
34. GC 
29.B5
29.7 6
35. 33 
31. 10 
32.27 
31.95 
27. 53 
35.9P 
32.24 
29.17 
30.41 
31-49 
31*89 
32.71
29.07 
32.34
PARAMETER. ESTIMATES
ERATION T TCO CA CRTFC E ITERATION C" Tr C E
0 0.P0 0.00 0.00 -?.®S65 6934. C 3. 7 520 42CCC.
1 c.ec c.no O.PP 1.2433 -679. 1 -C.4793 47613-
2 o.co 0.00 o.oc- 0.3837 -623. 2 0.3793 47557.
3 o.co o.oo P .00 0.7721 -463. 3 -2 .0236 47397.
4 0.00 P..CO o.p-e P.. 37 44. -449. 4 2.2=91 47 33 3.
5 c.no r.o r. r . r o 0.2963 -46?. 5 C.4C72 47 39 4,
6 o.co c.no o.oo 0.4*32 -412. e 2.2753 47246.
7 o.eo o.oc O.PP 0.1655 -4P4. 7 3.£93? 47333,
8 0.00 0.00 o.co 0 . I6P9 -343. a 2.6226 47232,
9 o.co e.oo 0.00 0.1343 -274. 9 P.C292 U7P.7Z.
10 o.co c.no 0.00 0.0937 -242. 12 2.6793 47176.
1 1 0.00 o.cc O.PP C.058B -043. 11 2.7247 47177,
12 0.00 r .r e 0 • PR •0.C636 -2P9. 12 C. 6999 47 1 43,
13 o.co 0.00 C.CC 0.0633 -165. 13 2.6977 47277,
14 o.co 0.00 o.co 0.0217 -155. 14 2.7419 47099,
1 5 P .00 0.00 O.EO 0.P-P56 -133. I 5 P .737? 47067■
10 o.co c.co o.co 0.0131 -  124. 16 2.7 524 47r*e.17 o.co O.OC c .ro 0.0124 -  1 111. 17 C.7611 47247.
18 0.00 o.co o.cc 0.0193 -9 1 . 13 0.7453 47025.
19 o.oo 0.00 0.00 0.0065 -9 4 . • 19 P .7572 47C23,
20 o.eo C.P0 0.00 p.oin2 -90. 22 2.7*23 470.1 4,
21 0.00 0.00 P. CP o .e i 14 -6 9 . £1 . 0.7*22 .470.03,
22 c.co 0.00 O.P0 -0.0156 -  75. 22 P.7791 A7CC9,
23 * o.oo c.co 0.00 -O .P l15 -43. 22 2.7753 46977.2.4 0.00 0.00 p.pp -0.0234 -3 5 . 24 2.786? 469 69.
25 0.00 0.00 0.00 -P.P3R6 -2 4 . 25 2.3221 467 55.
26 0.00 o.ne o.co -0.P351 26 0.7937 46757.
27 o.pfl e.oo 0.00 -P.C335 -2 0 , 27 2.7771 467 54,
28 o.co o.eo 0.00 -0.C326 -13. 28 0.7962 46947.
29 0.00 0.00 0.00 -e.0313 -6 . 29 2.7747 467 40,
30 0.00 0. CO 0-00 -0.0412 -4 . 20 C.3247 46933.
MEASUREMENTS' 
T TC3 , CC 4® . C 7 1
C A .fl | 
.3® C1.71
44. 6? 
24. 14
36. 14 44.27
34.19 33.66
33*55 34.3C
l«.Y* 
19. f"  
.64
3. 77 
3.74
ri. r® 
4. I 1 
4.4"
34. l(\ 3C.33
33.36 2 7 . 2 4 . 5 ©
33.58 34.S® 24.15
34.23 3 2 .U  24.25
33.75 29.25 24.15
33*36 30.36 ©4.40
33.32 31.04 24.47 .
33.41 31.55 24.46
33.71 32.38 24.43
33.49 29.62 24.52
TRUE OP NOMINAL TAPAMETEPS 
CPTFC E
0.7635 
R .7635 
C.7635 
0.7635 
P .7035 
6.7635 
0.7635 
0.7635 
0.7635 
C.7635 
P .7635 
R. 76-35 
0,7635
STANDARD DS’Mfl 
CA CPTFC 
3.0000 
P.. 9433 
C .3122 
C.2373 
0.2372 
0 .2PC5 
0.2C-63 
C. 1929 0.1703 
0.1379 
P.. 1375 
0. 1350 
0. 1339 
0.1339 
0, 16 03 
R. 1802 
e. 1796 Z, 1791 
C. 1758 
P. 1734 
0. 1733 
O. 1732 
e. 1770 
0.1763 
0.1761 
P.. 1755 
0. 175? 
0.1751 
0.1751 
0.1750 
C .1745
0.7635 0.7635 
0.7635 
0.7635 
P.. 7 6 3 5 
C.7635 
0.7635 
P.7C35 
0.7835 
0.7635 
0.7635 
C.7C3S 
0.7635 
0.7625 
0.7635 
0.7635 
P .7635 
0.7635
7071. 
350. 
32R. 
29 5.' 
269 • 
2 50. 
232. 
214. 200. 
183. 178.
1 63.
I 60. 
1 S3. 1 46. 
141. 
136. 
1 31. 
127. 
123* 
1 19. 
116. 
113. 
1 10. 
107. 
1P 5. 
103. 101. 
99. 
97.
46934,
4 69 34* 
469 34. 
46934. 
46934. 
46934. 
46934. 
46934. 
46934. 
46934. 
46934, 
469 34. 
46934. 
46934. 
46934. 
.469 34. 
*46934. 
469 34. 
46934. 
46934. 46934.
4 69 34. 
46934. 
46934. 
46934.
4 69 34. 
469 34. • 
469 34. 
46934. 
46934. 
46934.
APPENDIX B
NOMINAL MODEL DATA 
AND
SOFTWARE LISTINGS
TABLE B
NOMI NAL V A L U E S  OF MODEL P A R A M E T E R S .
v a r i a b l e N OMI NAL V A L U E
/
FA 3 . 3 3 3 E - 6  M 3 / S E C
F B 3 . 3 3 3 E - 6  M 3 / S E C
FC 0 . 0 0 0 3  M 3 / S E C
TA 3 2 3 . 1 5  DEG K C 5 0  DEG C)
TB 3 2 3 . 1 5  DEG K C 5 0  DEG C)
TCI 2 9 3 • 1 5 - 3 2 3 . 1 5 DEG K C 2 0 - 5 0  DEG C)
CAI 0 . 2  K M 0 L / M 3
PARAMETER VALU E S OURCE
VR 0 . 0 0 4 8  M3 E X P E R I M E N T A L - S E E  T E X T
VC 0 . 0 0 1 3  M3 EX P E R I ME N T  A L - M EAS UR EM EN T
DH - 7 4 1 0 6 R E F E R E N C E  ( 6 1 )
K J / K M O L
A 1 . 6 6 E 7 R E F E R E N C E  ( 9 6 )
M 3 / K M 0 L  S E C
E 4 6 9 3 4  K J / K M O L R E F E R E N C E  ( 9 6 )
RHO 1 . 0 0 0  K G / M 3 R E F E R E N C E  ( 5 9 )
CP 4 .  1 8 6 8 R E F E R E N C E  ( 9 2 )
K J / K G  DEG K
R ^ 8 . 3 1 4 3 R E F E R E N C E  ( 9 2 )
I K J / K M O L  DEG K
CRTFC 0 . 7 6 3 5 1 5 7  1 EXP ERIM ENT A L -  S EE T E X T
DEG K/KW
CRTFCT 0 . 3 7 4 3 9 0 6 E X P E R I M E N T A L - S E E  T E XT
DEG K/KW .
APPENDIX B
KEY TO SOFTWARE LISTINGS
Main r o u t i n e s .
B . 1 
B . 2
B . 2 a / 2 b  
B . 3
B . 4
B. 5
B. 6
B . 7
B . 8
B . 9
B .1 0
B . 11
B . 12
B . 13
B. 14
B . 15 .
B .1 6  
B . 17
START
INIT
EXACTO,EXACTS
K A L 1 ti U
KALIES
KALSOO
KALSOS
BEGKF
BEGEF
MEASKF
MEASEF
CONTR1
CONTR2
CONTR3
STORKF
STOREF
PRIPUN
ASG
S t a r t i n g  p r o g r a m .
I n i t i a l i s a t i o n  p r o g r a m .  
EME/Square  r o o t  EME p r o g r a m s .
EKF/IEFS p r o g r a m .
. S q u a r e  r o o t  EKF/IEFS p r o g r a m .
MGSOF P r o g r a m .
S q u a r e  r o o t  MGSOF p r o g r a m .
S o u r c e  c o d e  f o r  o v e r l a y s :
BEGKO, BEGKS, BEGSO, BEGSS.
S o u r c e  co d e  f o r  o v e r l a y s :  
BEGEO, BEGES.
S o u r c e  c o d e  f o r  o v e r l a y s : 
MEASKO, MEASKS, MEASSO, MEASSS
S o u r c e  c o d e  f o r  o v e r l a y s : 
MEASEO, MEASES.
S o u r c e  c o d e  f o r  o v e r l a y s :  
C0NK01, C0NKS1, CONSOl, CONSS1 
C0NE01, CONES 1.
S o u r c e  c o d e  f o r  o v e r l a y s :  
C0NK02, C0NKS2, C0NS02, CONSS2 
C0NE02, CONES2.
S o u r c e  c o d e  f o r  o v e r l a y s :  
C0NK03, CONKS3, C0NS03, C0NSS3 
C0NE03, C0NES3.
S o u r c e  c o d e  f o r  o v e r l a y s :  
STORKO, STORKS, STORSO, STORSS
S o u r c e  c o d e  f o r  o v e r l a y s :  
STOREO, STORES.
D a ta  a n a l y s i s  p r o g r a m .
S t a t e  and  p a r a m e t e r
a s s i g n m e n t  r o u t i n e  (3D + 2
p a r a m e t e r  v e r s i o n  s h o w n ) .
364
B18
B .1 9  
B . 20 
B . 21
B . 22
B . 23
B . 24 
B . 25 
B. 26
B . 27 
B . 28 
B . 29 
B . 30
B . 31
B . 32
B . 33
B . 34
RASG
ASGC
RASGC
MODEL
JACK
DEL
FORINT
PRED
DERIV.l
DERIV2
DERIV3
DERIVC
COVUP
COVUPS
COGAO
COGAS
COGAEO
S t a t e  and  P a r a m e t e r  
r e a s s i g n m e n t  r o u t i n e  (3D +2 
p a r a m e t e r  v e r s i o n  s h o w n ) . 
C o n t r o l  a s s i g n m e n t  r o u t i n e .  
C o n t r o l  r e a s s i g n m e n t  r o u t i n e .  
P r o c e s s  m ode l  r o u t i n e i
(3D v e r s i o n  s h o w n ) . [
J a c o b i a n  an d  H e s s i a n  
c a l c u l a t i o n  r o u t i n e  (3D + 2 
p a r a m e t e r  v e r s i o n  s h o w n ) . 
E l a p s e d  t i m e  c o m p u t a t i o n  
r o u t i n e .
R e a l  t i m e  i n t e r r u p t  r o u t i n e .  
P r e d i c t i o n  r o u t i n e .
S p e c i a l i s e d  d e r i v a t i v e  r o u t i n e
f o r  PRED.
d i t t o
d i t t o
d i t t o
EKF/IEFS c o v a r i a n c e  u p d a t e  
r o u t i n e .
S q u a r e  r o o t  EKF/IEFS c o v a r i a n c e  
u p d a t e  r o u t i n e .
EKF/MGSOF/IEFS c o r r e c t i o n  . 
r o u t i n e .
S q u a r e  r o o t  EKF/MGSOF/IEFS 
c o r r e c t i o n  r o u t i n e .
EME c o r r e c t i o n  r o u t i n e .
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COGAES
EQM
REGCTL
GLCTL
PPCTL
CALCM
IMPL
STODKF
STODEF
DISPKF
DISPEF
SCREEN
CALXA
CNVT
REFIL
BLOCK
FORKO, FORKS, 
FORSO, FORSS, 
FOREO, FORES, 
PRINT
ROUTINES
SSTATE
FORINT
S q u a r e  r o o t  EME c o r r e c t i o n  
r o u t i n e .
E q u i l i b r i u m  s t a t e  c a l c u l a t i o n  
r o u t i n e .
LC r o u t i n e .
GLC r o u t i n e .
PPC r o u t i n e .
A u x i l i a r y  r o u t i n e  f o r  PPCTL. 
C o n t r o l  i m p l e m e n t a t i o n  r o u t i n e .  
EKF/MGSOF/IEFS s t o r a g e  r o u t i n e .  
EME s t o r a g e  r o u t i n e .  
EKF/MGSOF/IEFS d i s p l a y  r o u t i n e .  
EME d i s p l a y  r o u t i n e .
D i s p l a y  p r e p a r a t i o n  r o u t i n e  
f o r  IN IT .
A u x i l i a r y  r o u t i n e  f o r  s q u a r e  
r o o t  MGSOF.
A u x i l i a r y  r o u t i n e  f o r  EME.
A u x i l i a r y  r o u t i n e  f o r  PRIPUN.
B l o c k  d a t a  s u b p r o g r a m  u s e d  i n
o v e r l a y  c r e a t i o n .
M ac h in e  c o d e  r o u t i n e s  u s e d  i n  
o v e r l a y  c r e a t i o n .
R e a l  t i m e  s t e a d y  s t a t e  p r o c e s s  
c o n t r o l  p r o g r a m .
I n t e r r u p t  r o u t i n e  f o r  SSTATE.
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ADCO
DACO
PUNCH
PUNCHD
RKINT, EULINT 
RND, ACVAR
HHA
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MAMULT, MTR, MINVR, 
MINVRT, MATAS,
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NULL.
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PRO2, PRO3, RI01, 
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UARFC, UARFCT,
RMU,
DEGC,DEGK,
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ADC drive r.
DAC drive r.
Paper tape punching r.outine. 
d it to .
Runge-Kutta and Euler 
in tegration routines.
Normal (11) and auto­
correlated (11) random 
number generators.
Householder transformation 
routine (71).
Matrix square root routine (71) 
Regression analysis routines. 
Matrix manipulation 
package.
C alibration and control 
routine package.
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C FROilRAM START.
c vm ins a SFKirr nr filter experiments.COMMON /CODF/I CODEC I*)COMM,I.V /DJM/M. ! P.M.J'fa IMF# I I’M. 1RMP. ITIMP.NINP. ITXl'MP 
COMMON /FIL/XFST! 7* 11 * n il < 7* 7>.ll! 3. 7>#Z<3* 1 )COMMON /KF 1 L/CEST! 5. I ) #.ZP< 3/ I )COMMON /FILO/"""! 7.7).Q{7#7)# PMN< 3# S'CON.rQN /FILf/fPl 7# 7) # UC 7* 7)# V( 3# 3)COMMON /mT/RMNFM! Ufa 1 >. TMALDC If / I > * ""OLD! Ufa |)COM-UN /CTlI/SCO. 3) # fr< 3. 3># SPCf S>. SPEC 3# I)COMMON /CTL?/m»CCc).n|CC 5) »PtNTEiK *>.ISPC4)COMMON /CTL3/UNEW! 3/ !).tDLDC3. lfaHIAXCfa I). I"UNO# l).UF!3. 1) COMMON /MEAS/FA. Flfa FC. TA. TI*. ?# TCI . TCO. CA! . CA COMMON /CON ST/VF. VC# Dll. A. F.FHO. CP. R. CRTFC. CRTFCT COMMON /RMS/I I. Iff.RANE.XO.NTCOMMON /ITS/1TOV,I TOVMM.1nrj,IFUNMX, I TFP.ITEPMX#IVA?M COMMON /TIM/7E!2),TC!2>#TCA.1TF«4>. ITC<4>COMMON /RfcVR/1 Hi. I E2# IVI # I V2# MRI *NR2COMMON /TEMP/TFMPI! 10. 10). TEMP2C 10. 10),TEMP3C7. 7)COMMON /.Ml r*C 1 AN INT. FT. TOLEST, TOLCTL! 3) . TOLGAI . TOLEOM COMMON /MlSC2/CD7, Ufa I POINT.NC.EFTA. SIG! 3), ACV<3)#ACVOLDC3) COMMON /M SC 3/GUM EST. SUMCON,ACTJ#PlA5! 3)COMMON /MlSG4/EXPF. JCQINT#1VAL#IMI SS#ION#IREC COMMON /MlSC5/UT!3)# TOLINT!3)COMMON /CORE/DUMMY!*30)COMMON /RUUON/IMARK
IMARX*0CALL P.UNC • INIT* J ENDLISTING B* 2
C PROGRAM INIT.C INITIALISES VARIABLES & READS INSTRUCTIONS FOR EXECUTIONC OF PROGRAMS.COMMON /CODE/1 CODE! 1 6)COMMON /DIM/M.I P.M.JR.IMP#I in.K UMP. ITINP.NXNP.ITIUMP COMMON /FIL/XESTC7#1).PHI!7.7>#Ht3#7).2!3.1)COMMON /EFIL/CEST!5.1).ZP<3> I)COMMON /FILO/P.PP! 7.7).0(7# 7) .RUN! 3. 3)COMMON /FILS/SP!7# 7># U< 7.7 ># V! 3. 3)COMMON /BUF/RMNEYC Iff. 1 ). FMOLDC Iff. 1 >#RPOLD! 10# I)COMMON /CTL1 / SG(3.3>#CR!3,3).SPC!S>.SPEC 3.1)COMMON /CTL2/PPC!5)# RIC!S)#PINTEG( *>#ISP!4>COMMON /CTL3/UNEV ( 3. 1). L‘QLD( 3. D.UMAX! 3# I ) # LT11N! 3# D.UEC3, 1) COMMON /MEAS/FA. FC.FC# TA.TR.T#TCI#TCO. CAI#CA COMMON /CONST/VR. VC# CH. A. E.P.HO.CP# R» CRTFC# CRTFCT COMMON /PNG/1 I. I2#RA'JR#X0.XTCOMMON /I TS/I TOV. ITOVMX, I RUN. IRUMMX. ITER# ITEF.MX# I VAP.M . COMMON /TIM/TEC2).TC!2)#TCA.ITE!4>#ITC!4)COMMON /REV'R/X El # IE2# IVI. I V2.NRl.NR2COMMON /TEM?/TEM?IC10.13>#TSMP2!10#10)#TEM&3!7# 7)COMMON /MISC1/NINT#FT# TOLEST#TOLCTL!3)# TOLGAI# TOLECM COMMON /MISC2/CDT.IM.XPOINT.NC. EETA# SI G!3). ACV!3). ACVOLDC 3) COMMON /MISC3/SUMEST#SIM CON.ACTJ. ElAS!3)COMMON /MISC4/EXPF.I COUNT.tVAL. IMISS#ION#I PEC COMMON /MI SC 5/ DT C 3 )# TOL I NT < 3 >COMMON /CORE/DUMMY!*D0>COMMON /RU.’ON/1 MARX DIMENSION HtH 10, l>,RPC Ufa I)DIME:! SI ON CODE! 16). DIME! 5)EQUIVALENCE CRM# FA). (RP# VR>
C READ CODES-FILE 'CODE*.CALL SETFIL! 1#'CODE'. XEt,# * SY«)DEFINE FILE 1! 1. 32#U# XVI >READ! I * i ) CODE DO 30 J* I. 16 XF CCODE!J>.LT.0.) XX— I IF CCODECJ).GT.0.> IX-I 30 ICODE!J)«lX*INT!Ae5!CODE!J>)*.25>END FILE 1
C READ DIMENSIONS-FILE • DIME* •CALL SETFIL!1#'DIME*#I El#• SY*)DEFINE FILE 1(1.10.U.IVI>READ! I* 1 )DIMEN*INT! DIME!I)♦»25)lP=INT!DtME!?>*.25)M*INT! DIME!3)..25)JR*IMT! DIME! 4) 2 5)XUH*INT( DIME! 5>*.2S)END FILE I
C COMPUTE AUXILIARY DIMENSIONS.lMP«\* * IP ITlNf *U*INP NINP*M* IMP XUiir*IUM*!P I Tl U.iP"S* 1 l*MPIF !I APS!I COPE!t>).EO.f) I RFC*ITINP* IN°*M* Jfl IF !IAUS!1 COPS!1)).E0.2) IREC-ITINP*INPfJR
C PRF.PARF FAR EXACT OR KALMAN FILTER.IF ( IADS! 1 CODE! 1) ) • "O* 1 ) ID* IMP IF ! 1 ARS! I CODE! 1)) * £0.2) t DM l*MP
C READ PROCESS NOISF.-FILE 'PMCH*.CALL NULL! Q. 7# 7. ID. ID)CALL NULL! V# 7. 7# X D. I D)CALL SETFIL!1.1 PMCM* » X El#• SY* )DEFINE FILE U7.2.U.IVI)DO *0 J* 1. ID READ!I *J)0!J.J)50 U(J,J)«SCRT!OCJ.J>>END FILE I
C READ MEASUREMENT NOISE-FILE *HNCM* «CALL N ULL ! FMN #3.3. Mi M >CALL Nl’LwCV# 3. 3.H.M)CALL SETFILC1# •MNCMfalEWSY*)DEFINE FILE l(3.2#U#IVl)DO IOC J*l.H READ! I 'J)PMM!J.J)100 • V!J#J>»S5RT!RMN!J#J>>END FILE I
C READ INITIAL COVARIANCE-FILE 'ICOVfaCALL NULL! RPP# 7# 7# ID# ID)CALL NULL! £P. 7#7# ID# ID)CALL SETFIL<l/MCOVfaIEI#*SYM DEFINE FILE 1(7#2#U.IV1> .DO ISO J*I#ID READ!1•J >RFP!J#J)150 SP<J#J)«SORT!RPPCJ#J>)END FILE ICALL SETFIL!l,MCVR*#IEl#»SY,>DEFINE FILE 1! 49# 2# U. IVI >DO 200 J*I.ID DO 200 K* I# 1 D L*7*!J-1 > *KIF !I CODE!3).LT«0) MPITE!1*L> SPCJ.K)200 IF (ICODE!3).GT.0> WRITE! I'L)RPP!J#K).END ‘FILE I
C READ CONTROLLER VEIGHTINGS-FILES »STVT* I *CTVT*.CALL NULL! SO. 3# 3#N#N>CALL SETFIL!1»•STVT*. I El#• 5Y*>DEFINE FILE 1(3#2.U.IVI)DO 250 J-l.N 250 READ!t'J>SC<J.J)END FILE 1CALL HULL! CR. 3* 3. JP# JR)CALL SETFIL!I#'CTVT'.I El# * SY*>DEFINE FILE l(3.2.U#!Vl)DO 360 JM.JR 300 REAO! I' J >CR! J* J)DID FILE I
LISTING B.l C READ MISCELLANEOUS PAPAM ET EPS-FILE 'MISC*.CALL SETFIL!l.'MISC*.IEIj'SY»)DEFINE FILE I ( 44. 2. U. IVI )READ! I'lJX ITLRMXMNT! X* * 2 5)READ! I'2)X I RlDMX" 1NT(X* .25)READ! I' 3)X I TOVMX*INT!X+.25)READ! I * 4> DT! 1)READ! I* 5) DT! 2)READ!1*6)DTC3)READ!1'7 >FT READ! I *8) COT TE!I)*C.READ! I »9)TE!2)READ! IMO)TC(I)READ! I M1)TCC2>READ!1* I 2)TCA READ! P I 3> TOL EST RFAD! 1 • 1 4>TOLCTL! I)READ! I • L5) T.OL.CTL! 2)R171 DC 1' I 6) TOLCTL! 3>READ! PI 7) TOLGAI READ! P 18) TOL I NT! 1 >READ!I * 19)TOLINTC 2)READ! PfC) TOL INT! 3)READ! P 21) TOL ECM PEAD! PCS) SPEC t« I )READ! P23) SPEC2# 1)READ! P 24) SPEC 3. 1>READ! P25) SPC! I)READ!I*26)SPC! 2>READ! P27)SPCC3>READ!P£5)SPC!4)READ! P29>RPC! I)READ! P3R)RFC!2>RFC! 3)*PRC-2C IA02C SPC! 3) > )RPC! «)=*PRC3! I AO3! SPC! 4)))RFAD! ! ' 3 1) RPC! 5)READ! P32)RICCI)RIC!2)*R101CIAC4CSPC<!))>READ! P33)RIC!3)READ! P34)RIC!4)READ! 1»35)RIG! 5)READ! 1 * 36) EXPF READ!P37>UMAX!I.I)READ!P30)UMAX!2#l>READ! 1 * 39) UMAX! 3i 1 >READ! I' 40) UMIN! 1. I)READ!P 41>UMIN!2.I)READ!1* 42)UM1HC 3.I)READ! P 43) X IVARM*XNT(X+.2S>READ! P44>DETA FND FILE I
C SET CONTROLLER SET POINTS.ISPC1>*!AC4!SPC! 1))ISPC 2)*IAOS!SPCC2))ISP!3)*IA02< S?Ct 3))I SPC 4)“I AO3C SPC! 4) )
C .5ET%MISCELLANEOUS PARAMETERS.CALL NULLCH# 3.7# 3# 7)IF <IA2S(IC0DEC1)>. E0.2) GOTO 340IF < I CODE! 7) »N£*2»AMD« I CODE! 7) .HE* 5) HCI.D-W .IF ! I CODE! 7) • EQ« 2»0 R> I CODEC? ) . EC* £> H(t.2)*l*IF < I CODE! 7). EG. 3.OR. 2 CODE! 7) . E9. 4.OP.. I CODE! 7) .EO. 6)1H<2# 2)31«IF ! I CODE! 7) . E3. 5) H!2#3)»U IF ! I CODE! 7) • EQ* 6) H!3#3)*l.340 IF !XCODE! I 5) .NE. 2) I POINT*IIF (ICODE!15).EC.2> IPOINT*ITOVMX*4NR1“2*1T0VMX*4NR2* ! I TO V.MX* I) * I PUN MXSUMEST*0.SUMCON*0.1CQtNT“0 XOH«0IVAL*XHT!FT/CDT*.5)NINT* INT! FT/DT! 2)*. 5)IRUI*1IF CIABSCICODE!1>).EC. 1) GOTO 345IF C I CODE!?) .NE.2.AND« I CODE! 7) .NE. 5) SIG! t )*SC«T!RMN! U l>)IF (IC0DEC7).E0.2.0R.IC0CEC7).SO.*> SIGCI>-SCPTt0(1#1)>IF !IC0DE(7)*EG«I> £1G< 2)* SOFT!C(1.I))IF <I CODE!7). EC .2*OP. I CODEC 7). EC.5) SIGC2)«SrPT!FMN! 1. I))IF (I CODE! 7). EG. 3. OF.I CO DEC?).EC.4.OP.ICODE!7).EO. 4)1SIG!2)*SORT!?MN!2#2))IF ! I CO DE! 7 > « EC • 4) SIG! 3)*SCP.T!0< I. 1) ) ,IF ! I CODEC 7) . EO. S) SXGC 3) * SORT! RMK 2# 2) >IF (I CODE!7).EC.6) SI 0!3)* SORT!PMJ!3#3))GOTO 395 345 DO 350 JM.H350 SIG(J)*CCRT< RT-PJCJ# J) )
C unpu-rTi: VI AS Rf.3)1. J j. I 4141i:w:-9\\y 460 J«|«;i 600 plAS!J) MfaIF !I CO DS {M)♦U T« P) GOTO 5*0 L"ITOVMX.1IF ! I CO UM Ufa.NR. 1) L*L-1 NC*0DO 4*0 J«I.L NC«NC»IIF (lARSdCODM l>). FO.l) NUIPM IF !1AFS!I CODEC 1)).FO.2> NUM»N DO 450 XsI.NPlIF ClC0PM9),rC. I) X0=3.464lfllA*!RANUt.!P>-.5>
if (iforr(?).EO.?> call pndIF < I com! 9) .ED. 3). CALL ACV A"! NC. RETA* SI 0<K) . ACV(1<) . ACVOLOCK) ) IF (TC0DFC9) «LK. ") UI AfCX )»Ut AS(K)*XO* *1 G!K)4a0 IF < I CODE! 9) • EO. 3) DIrtf (K)*l»lAS!i!>*AC«!K)DO 560 JaI.NUM 500 DIAS!J)s(El AS!J)/L)11*14*9 12*729 NC* I
C DATA I CONTROL*550 CALL SETFIL!1.'DATA'#I El. ♦ SY»)DEFINE FILE ICNRI.20. U. IVI)READ! PDRPOLD READ! I' 2 ) RUN EU ,CALL EQl'AI.! FMN E\?. 10.1# RM. 10. 1. 10# I )CALL RASGC(UNEU# 3.I)END FILE 1CALL SF.TF1L! I.'UNEU'# IEI. ' 5Y»>DEFINE FILE l< 1.6# U# IVI)VRITECPDWEV END FILE 1
C VRITE DISPLAY.CALL SCRED1
C RIN PFOGRAMS.XF ( 1 ADS! I CODE! I ) ) * EQ* 2«AMD. I CODE! 3) . LT.O) CALL PUN! 'EXACTS') IF !I APS! 1 CODEC I ) ) .EO.P.AND.I CODE!3)* GT.6) CALL FUN! 'EXACTO*) IF C1C0DE!2).LE. 2.AND. iCOI.ri 3) .LT.0) CALL DUN! 'KALI ES *)IF (I CODE! 2) «LE» 2. AND.!COCE(C>.ST»0) CALL RUN!'KALIEO')IF (!C0DH2).GT. 2. AND. I CODS! 3) .LT. 0) CALL PIN!'KALSOS')IF <I CODEC 2)«GT.2.AND.I CODE!3).GT»0) CALL PUN!'KALSOO*)IN D
.LISTING B.2A
C r  o r  an j: : acto •
C EXACT FILTER * Q^Ol'MPY FOHMl’LATION*
C SUITARLE FOP ?rT t‘JAT|0:i, WI*"OL OP FSTIttA?lO'J*C.OfiT"'lL.
CO:f:m /cqcz/ i c ip e i  t6>
common tr« ']« .ifu rip .!v :f» itn r»t? t.* jp «* iir :p «iT iits p
COMMON /FIL/XT-ST!?. 1 ) .  PH! ! 7# ?5 .11! 3# 7). 2C 3# 1)
COMMON /EFIL/CECTC 5# I ) . . ! " !  ft. 1)
COMMON /FIL0/rPF{7#7) ,C<7, ?),F:i'l< 3* 3)
COMMON /FILI7SPC7.7).t:<7.71, W 3.3)
common /EfF/r:cir.J< ic# i ) i r Moucc ip . i>/rroLO< ii»# i>
COMMON /CTU/S?<3»2).crc3 . 3 ) .SPCC?>* SPEC 3. 1)
COMMON /CTL2/PPC!5). TIC! « )  .  PlUTEC.! 5 ). J SPC A)
COMMON /CTLO/UJSVO. D .U IL S n .  1). UMAX! 3. D .'U IV C ft. D.USC3. I )  
COMMON /MEAS/FA.Fr.FC.TA.TO. T.TCt.TCO.CAl.CA 
COMMON /COM ST/Vf. VC. CH. A. S. Fl!0. CP. P.. CPTFC. CRTFCT 
-  COMMON /P-JG/1 1. 10. TAMP,TM. XT
COMMON /I TS/ X TO V* 1 TO VMM. I PUN. 1 PUN MX. I TEV .I TEPMX. I 
COMMON /TIM/TEC2),?CCC>. TCA.I?E<4).1TC!4)
COMMON /rE,J P / IE I . I? 2 . I ,; i . | V ‘3.'I?l,NF3
COMMON /TEMP/TEMPI CIS. 10). TEMP2C IQ . Ifl) . TB1P3C 7. 7)
COMMON /MI SCI/M INT.FT.TOLEST•TOLCTL!3 ) .TOLCAI. TOLEOM 
COMMON /til SC2/CDT. IM. ! TO IMT. 1C. PETA. Si (If 3*. ACVC 3) , ACV"LDC 3) 
COMMON /M1SC3/SFMSST.SVMCON.ACTJ.PTAS! 3)
COMMON /til SC4/EXPF. 1 COWT. I VAL. IMl SS. ION. I PEC 
COMMON /:1ISC5/DT!3).T0LINT(3)
COMMON /CORE/OIUMY!SCS)
. COMMON /RIMON/IMAPX
DIMENSION C?R<5.!)#RM(10.li.P P C t0 .!> .RPM!t#T>
• ' • EQUIVALENCE < PM. FA) .< PP* V D , (  SMOOTH. PPM)
EXTEFUAL UAP.FC.UAPFCT.DERIVI. EULIMT. PX INT
.C CHECK FOP 5IMULATI0N-IF NOT STAP.T CLOCK.
IF  CICODE! D .L T .B )  GOTO 10 
CALL FRONT! U/CDT)
10 . CALL LINK! »3EGE0* )
CALL EQUAL!HPOLD. 10. l.R P . IB. 1. 10. I)
GOTO 200
C CONSTRUCT PREDICTION MATRIX.
30 CALL C1VT<CEST. 5. I .Z .3 . 1.XS3T.7. 1)
CALL EGUALCXEST.7.1 .TEMP I . 1C.IO.M. 1)
DO AO J " 1 .IMP 
DQ AO K*l.IM P
IF  <J.LE,N .AN D .K.GT. I )  T21P?CJ.K>*0.
IF  CJ.NE.K ) TEtPl ! J+tJ.X) *0.
40 IF  CtJ.EQ.K) TEMPI C«J♦ ti. X) ■ I • * '
C PREDICT STATES 6 EVALUATE TRANSITION MATRIX.
CALL EQUAL!"MOLD. 10.l.P M »10.1.10. I )
.. CALL ASG!XEST.7. 1)
CALL ASGC!U3LD. 3.1)
IT®0
DELAY-TECI CODE! 13) >+TC! I CO CSC 1 A) 5 + TCA
IF  (ITQ V.E Q .L.AN D .I CODE!1 3 ).Eft.2) DELAY® DELAY-TE!ZCODEC I 3) )
50 IF  ! 1 CODE! S) »LT . G. AND* I CODEC 1 6 ).L T • 0) CALL P^SC! T-TIP 1. lft. 10.
1TEMP2. 10. 13.NINP. IMP, DSL/Y. CEP.I V I. UA°FC* EULtNT. DT! I ) . TOL I NT! I ) )  
IF  !ICODS!S).LT.e.ANC.ICOOE! tO -G T .C ) CALL PPED! TEMP I .  10. 10. 
ITEMP2. IC. 10.MIN?. IMP. DELAY. CSEI V I. UARFC#PXITIT. OTC I ) . TOLINT! 1)) 
tF  < 1 CODE! 5) .GT* fl.AN D. I CODE! I 6 ).L T .G ) CALL ’ "E C C 'T IM .  I *. 10. 
ITEMP2. 10. 10.MXUP. IN?. DELAY. DSPIVI. UA^FfT. C’LJN T.DT! 1 ).TO LI IT< |) 
IF  ! I CODE! 5> *GT. 0.AMC. I CODEC 1 *) . GT. B> CALL PPED! TEMPI. 10. 1 P.
I TEMPS. IC . 1E.NINP. IMP. DELAY. DSPl V I. UAPFCT. PXIMT. C?( 1 ).TOLINTC 1)) 
IF  ( I T .E G .1) GOTO 60 
IT* t
DEL AY® FT-DELAY 
CALL ASGCCttJE1-'. 3. 1 )
GOTO SC
C. RECONSTRUCT STATE VECTOR t TRANSITION MATRIX.
C PARAMETER PREDICTIONS.
60 CALL EQUAL!CEST.5. 1. CPR.S.1 .IUM ?.I>
C MEASUREM21T PREDICTIONS.
IF  < I CODE!7) ■?] F..Q. AMD* I CODE! 7) . IE. ?) 1. 1>®TF*1°1! 1.1)
IF . <ICODE!7>.EQ.2,n",ICOCE! 7 ),S0. 5) ZP( 1, 1>*TEMP!C2. 1)
. IF < I CODS! 7 ). EC. 3.on. I CODS! 7 ), F.E. 4, OR. ICO DE! 7 ). F*'. 6)
UP<2. 1MTEIPIC3. I)
IF  ! I CODE! 7) • TO. S) ZPC 2, 1) *7r«Pt! 3. 1)
IF  < I CODS! 7 ) « LQ • 6 ) ZP! 3. I )®7E:1RU 3. 1)
C ItMlLASrULC STATE PRFHCTl 1 If— IF  ANY.
IF  < I CORE!7) • EC. I > C?‘r < 1. I } ®TFJIIMC3. 1 >
IF  ClCAI'rC7>.F*Ur.0»'.inC5*C7).EC.5) c rn< 1, l)® TriR !<  I . I )
IF  < t CODE!7)•EC,4) CPR!1 .I>*TEMFI! 3. I )
C EXTRACT TRANSITION MATRIX.
IF  m tt .N E .O ) CATO 65 
. CALL IP S IC n il .7 .7 .H -IP . IUMP)
GOTO IPO
65 CALL NULL! rH 1.7. 7. IttlP . IVMP)
DO 30 J M .I IU P  
DO 80 XM.IUMP
IF  ! I CODE! 7) , EC* 1.0 P., I  CO DE! 7) > EC.4) GOTO 7? *
IT  !d ,N E . I )  GOTO 70
IF  (X .E Q .l)  FHI! J .X ) “TEMPICd+M.X)
IF C K .N E . i> FHI CJ.X) “TEMPI (J+N.K*M)
GOTO 80 
70 IF  CK.NE. I > GOTO 75
P H I(J .K )“TEMPI!0*N+M.K>
GOTO 30
75 PHI! J#K>®TEMP1!J+M*M»K*N>
8*0 CONTINUE
C' EXTRACT *H* MATRIX.
160 CALL NULLCH.3 .7.M .1UNP)
DO 120 J «t .M  
DO 120 X* 1. X UMP 
. I F  (IC0DEC7) ,NE,2.AN0. I CODEC?) .MS, S> H!J.K)«TEMP1 ( J+N.K+M)
IF  !ICOOE!?),EO,2.0r4lCODEC7).EO.S> GOTO 110 
GOTO 120
110 IF  (X .E Q .l)  HCJ.X) “TS1PI ( J+N+ l .K )
IF  CK.NE. I )  H C J.X )“TEMPI !J+vN+l.K+M)
120 CONTINUE
C UPDATE COVARIANCE.
CALL COVUP! TPM. I L-.IP)
C CHECK WHETHER MEASUREMENT PECUIPED.
200 IF  ! I CODE! I )  .G T.O ) I I V A F - M - 1
C WAIT FOR MEASUREMENT IF  REAL TIME.
250 IF  (ICODE! D .L T .O )  GOTO 23e * .
270 IF  CICOUNT.LT. I VAL) GOTO 27C
ICOUNT-O 
* GOTO 320
C CREATE MEASUREMENTS FPOM DISC IF  SIMULATION.
280 CALL LINK! MIEASEOM
C SHUFFLE STATE MEASUREMENTS INTO ORDER.
.320 IF  ! IC0DEC7) ■ EQ. 1 .OP. I CODEC 7) • EQ. 3«9P. I CODEC 7) .  EQ. 4‘.
10R.IC0DSC7) .EC. 6) HI, I ) *PM( 6# 1>
IF  ! I CODE!7 ) . EG.2) 2 ! I.I> *F M (10.I )
IF  ! I CODE! 7)•EC.3*0P .I CODE! 7 )» EC.5) 5 (2.1)* r MC10.1)
IF  ! ICODE! 7) . EQ. 4.0 R. I CODE! 7) . E0.6) 2C2. 1) ®PM! 8. I )
IF  CICODE! 7) .EC. 5) 2! 1. I >*PJ!(9. I>
IF  (ICODEC7) >E0* 6) S( 3. 1 )®RM< 10. 1)
363 CALL EQUAL!PM. 10. I . RitM EV. 10. 1. 10. t)
CALL TIME! ITS ! 1 ) . IT  E! 2 ))
C CHECK VHETHER CQMTP.3L ONLY.
IF  (1COOE! IO ).EC . 1 .OR. ITOV.F.O.O) GOTO 630
C CALCULATION OF GAIN \ ESTIMATE.
330 CALL COGAEQ( RPM.CPR)
C COMPUTE ESTIMATION TIME I CONTROL.
600 CALL T IM E !ITS !3 ) . IT E !4)>
CALL CEL! ITE . TE< 1 ) )
c a ll c r : r c u s r r .c. i . s .  3.1 7* i>
CALL ErUAL(:*tlt, , . Irt. I .  PMOLC. 10. I .  13. I)
* CALL £C*^ AL! Ifl C?1# 1. l.UOLE. 3. l . J n. t)
CALL EQUAL! PVU?, t 10. I.PM. 10. 1. IC .U  
CALL TIME!t >C(I) .  »TC<2>)
IF < r.*Ar N. GT. C) GO TO *6 5G
IF  ! 1 CODEC 12) . EC. 5) CALL LINK! 1COMEOI *)
IF  CICODE!12)» E L .I .O P .I  CODEC 1£).£*«3) CALL LINK! 'CONEO? • >
IF ! I CODEC I2)*EQ.2.0R. I CO DEC IP ).E 0 .4 ) CALL LtNXC •CTJE02 * >
C STORE & DISPLAY.
650 CALL LINK! ' STORED* >
C WAIT FOR START. LOOK FOP EJID-
730 IF < ICOPE! I > .QT.tJ.A.1C. I VARM.OT.fl) GOTO R3B
I TOV*l TQV* 1
IF CITOV.CT. ITOv-r*) nOTo oon
IF  <I C O D E!in ).no .l.O F .tC Q C S !1 2 ).EC.6/0P. ICODS! I 5 ). EG.2)
ICOTO 203 
GOTO .IP 
900 IR 'I I* ir i :> l
IF  U m i.L F .  IPINMX) GOTO 10
IF ! ICNRP! | ) .MT. •'> OiU.L. tN^NF^! I T I D
IF (IC lC M  I t )  •.!?»:*> CALI. m i (  •r»'IR»'Nl )BID ,
LISTING B.2B-
C PROGRAM SXACTS.
C EXACT PtLTEF -  SCVARE POOT FOR-IPLATIOrl.
C SUITABLE FOR ESTIMATE03. COMTEOL OR ESTlMATIO!l»COMTPOL.
COMMOM /CODE/I COPE? 16)
COHfiOM /DIM/M. I ?. M, JR . IMP. IUM, IUMP. t TIMP.MIMP. IT I'-'IP  
COWiOM /FIL/MESTI 7, U .P K H 7 . 71.HC3. l»
COMMOM /EFIL/CESTC S. D.ZPC3, t>
COMMOM /FIL0/PPP<7,7).Ct7.7>,RMM(3,3>
COMMON /FILS/ SP< 7. 7) .  l!( 7. 7 ). VI 3. 3)
COMMOM /DUF/RNMEHIO. I ).FMOLD< IP. n.^POLCI 13. 1)
COMMON /CTL1/SCC 3. 3>.CR< 3. 3) . SPCC 5 ). SPEC 3. 1)
COMMON /CTL2/RPCI SJ.RICt 5) . PIMTEOC SJ . I FPt « J
COMMON /CTL 3/UN E.r < 3* I ) .  UOLEC 3. !>.CMAV.C3, I ) . TII*1< 3. D .U E I3 . I) 
COiPSSN /MEAS/FA. FE. FC. TA. TE. ?. TCI. TCO. CAI. CA 
COMMON /CON ST/ VR, VC. OH. A, E. PHO, CP.E. CPTFC. CRTFCT 
COMMON /P.NG/11,13, “AMR, MO, XT
COMMON /I TS/IM3V, I T0V:IM, i r i l l .  t Rl' JMM. ITEP. ITEPMX, IVAPM 
COMMON /TIM/TE<a>.TC<8>,TCA, I TE< A) . ITCI A J 
COMMON /RE'-'P/I El , I E3, I V I ,  IVE, ’IPI.NP2 
COMMON /TEMP/TEMPI I IB. l0>,TEMP3t 10. lfl>,TEMP3< 7, 7)
COMMON /HI SC I/MINT, FT, TOLEST, 7QLCTLC 3 ), TQLGAX, TOL EC*!
C01C1OH /MI SC8/CDT, IM, IPO INT, NC. BETA, Slot 3J, ACVt 31. ACVOLCC 3> 
COMMON /MI SC3/ S111EST, SUMC3N, ACTJ, B! ASC 3)
COMMON /MISCA/EXPF.I COUNT,IVAL,IM ISS.ION,I PEC 
COMMON /MI SCS/ OTC 3) , TOLINTC 3)
• COMMON /CORE/DUMMY!SBC)
COMMON /P.BION/IIIARX
DIMENSION CPRtS, D.RMCIQ, D .FPC IB . I ) .  SMI 7. 7)
EQUIVALENCE CFM.FA), IRP, V")
EXTERNAL UAPFC. UARFCT. DEP.I V I,  EULINT.PXIMT
C CHECK FOR SI MUL ATI ON-! F NOT START' CLOCK.
IF  ( I  CODEC 1 ) .L T . G ) GOTO 10
• CALL FP.ONTC l./COT)
1C CALL LIMKC'EEGESM
CALL ECUALCP.POLD, 10. l.R P . 10. I ,  10, 1)
GOTO 800
C CONSTRUCT PREDICTION MATRIX.
30 CALL Cl VTC CEST, S, 1 ,2,3, I ,  X EST, 7, 1)
CALL EC UAL (XEST.7, I ,  TEMPI, 10, IB, .7, I >
DO AQ J»1,IM P 
CO AO K«1,IMP
IF  tJ.LE .N  * A.ID.X. GT • I ) TEMP8IJ, .!> »« .
IF  IJ .N E .K ) TE|PKJ«.M,X>*3.
AO IF  IJ .E O .K ) TEM P IIJ»:l,K )* l.
C PREDICT STATE.' A EVALUATE TRANSITION MATRIX.
CALL ECVALCI’MOLD, IC . l,W t. IP, I ,  10, I )
CALL ASGIXEST, 7, I )
CALL AfGCCWLD, 3, I )
IT»0
DELAYoTEC I CODE! I 3) ) ••TCI 1 COPF.t 1 A) ) *TCA
IF  CITOV.FP. 1.A1D. IC0DM13J.SP.8) CFLAY»rr_A'’-TE< I COTFI 13>)
50 IF  ( I  CODEC 5> • LT. C . AMD. I CODEC Ifi).LT .P >  CALL P'FDC TFM” I . 13. IB.
1 TEMPS. IB, IC.NINP. IMP, rCLAY. DFTM V I . "APFC. R'.LIMT, DTC I >. TOLINTC I > ) 
IF  CtCODEC S) .L T .O .A IC . ICODFC 1 6).G T .O  CALL pr EDC TR*t° I , IP, I P.
I TEMP 3, 10, IC.NINP, IMP, DELAY, DERI V I.  UAPFC. PXINT, DTC 1 ) .TOLINTC I ) )  
IF  I I  CODEC 5) *CT* P. AMD* I CODEC lO .L T .F )  CALL PPEDC TEMP I . 1 P. I C, 
ITEMP2.10, IR.MIMP,IMP.DELAY.DEP1VI.UAPFCT.EULIMT.DTC1 ) .TOLINTC I )  
IF  C I CODEC 5) * GT. 0 .AMD. I CODEC 16) , GT. 3) CALL PFEDC TEMPI, IF . IB, 
!TE)1P8. 10, ie ,N  IMP, IMP, DELAY. DEPI V I, I'ARFCT.TKINT. DTC I > . TOLINTC I ) ) 
IF  CIT. EO. 1) GOTO 60 
IT-1
DEL AY-FT-DELAY 
CALL ASGCCINEU, 3. I )
GOTO 50
C  ^ RECONSTRUCT STATE VECTOR J TRANSITION MATPtX.
C PARAMETER PREDICTIONS.
60 CALL EQUALC CEST. 5, I .  CFR, 5, 1. IUMP, 1)
C MEASUREMENT PP.EDICTIONS.
IF  C I  CODEC 7) ,M E. 2. AMD. 1 CODEC 7) .ME. 5) 2PC I ,  1)-TEMPI C I ,  I )
IF "ciCODEC7).EO.a.Or..ICOrSC7>.EO. F) EPC I ,  D-TEMPICa, 1)
IF  CI CO DEC 7 ) • EC. 3. OP. I CODEC 7) . EC. A. OR. I CODEC 7) • EC. 6)
UPC3. D-TEMP1C2. I )
IF  CIC0DEC7) .EO. 5) SPC2, D-TSMP1C3# I )
IF  Cl CO DEC 7 ). EG.6) DPC 3, I ) -TEMP IC 3, I )
C IN MEASURED STATE PP.EDI CTIO.NS-I F ANY.
IF  C I CODEC 71 • £0* 1) CPPC I , I )-TENP I C 3, 1)
IF  CIC0DEC7). EG.3.3P..1 CODEC?). EC. S> CPPC I ,  D-TE1PIC 1, I )
■IF CIC0DEC7) .EC.A ) CPRC I ,  D -T E IP l C 3. 1)
-C ECTPACT TRANSITION MATRIX.
IF  IIU 1 .N E .0 ) GOTO 65 
, CALL IDENC P H I,7 ,7 ,IUMP,IUMP)
' ' GOTO IBO
65 CALL MULLCPHt.7.7, IUMP, IUMP)
DO 80 J«l,IU M P  
DO 80 X * I, IUMP
IF  C I CODEC 7) • EO. 1 .OP.. I CODEC 7) . E5. A) GOTO 75
IF CJ.ME. 1) GOTO 70
IF CiC.EC.I) PHtCJ,X>»T5M. 1C0-..K )
IF  CK.NE. I )  PHICJ»K)-TEMPICO* I,.:+M>
GOTO 80 
70 IF  CK.NE. I )  GOT) 75PHICJ,K>*TEMP1CJtM-M,K)
GOTO SB
75 PKICJ.:C)»TSIPICJ*N*M,X»!I)
80 CONTINUE
c extpact  m i• : : v : r ix .
. 100 CALL NULLCH. 3 ,7 ,M, IUMP)
to ISO J*1 ,M 
to IPO X* I , I UMP
IF C ICO I-EC ?) t:>P< AMD. I CODEC 7) .lit*. S> HCJ.X)-TEMPI C J»M,:C*M>
IF C I CODEC 7 ).E 0 .2 .0 P .l CODEC 7) . EO. 5) GOTO HP 
GOTO ICG
n o  i f  ex. sc* i ) HCJ.:!>«Tt:iPicJ*N»i.;c>
IF  CK.NE. I )  HC J..O -TD IP 1  C J*N - l»K*M)
130 CONTINUE
C LTDATE COVARIANCE.
CALL COVUP SC SM. IUMP)
C CHECK WHETHER MEASUREMENT REPUlrED.
200 IF CICOCEC I > .G T .? ) r*APM-r<A"M- t
C WAIT FOR MEASUREMENT IF  REAL TIME.
250 IF  <1C0DE< U .L T .ft )  GOTO 280
370 IF  <I COUNT.LT.IVAL) GOTO 270
I COUNT-0 
GOTO 320
C CREATE MEASUREMENTS FROM DISC IF SIMULATION,
280 CALL LINK! *11 EASES* )
C SHUFFLE STATE MEASUFFtENTS INTO OROE".
320 IF  CIC0DEC7). EO. 1.QP% I CODEC 7 ) . EC.3.0R.I CODE!7 )«E0.4.
10R .I CODE!7 ) » EG.6) 2< 1 ,l ) » r H ( 6 ,1)IT C tCOTE!7) • EC. 2) 2< 1, 1 >«B:t! IC, I )
IF  (IC0DE<7).EC.3 .OF.I CODEC 7 ) .EC.5 ) ZC2,1>-RMC10, 1>
' IF  !IC 0DE<7).E0 .4 .0F.l CODEC 7) * EC. 6) Z !? , t)"RHC8,1>
IF  < I CODE! 7) • EQ. 5) 2 (1 ,I >«FMC3,1)
IF  <XCODEC7) * EC. 6) Z<3, I >«!\M( 10. 1)
380 CALL ECUAL! .“Mr 10, 1,P-MNEU> 10. 1, 10, I )
CALL TIM E!XTE!1) , IT E !2 ))
C ‘ .CHECK WHETHER CONTROL ONLY.
IF  CICODE! lO .E Q . l.o r .lT O V .E Q .O ) GOTO 608
C CALCULATION OF GAIN 4 ESTIMATE.
390 . CALL CQGAESCSM,C?R>
C COMPUTE ESTIMATION TIME 4 CONTROL.
600 CALL T IM S !ITS !3 ), IT E !4))
CALL D E L !ITE ,T E !1> >
CALL CNVTCCEST, 5, 1 ,2,3, 1,XEST, 7, 1)
CALL ECUAL! c‘tlEV, \ 2» I ,  F.MOLC, 10, 1, 13, 1)
CALL EQUAL! HI EN, 3, l,UQLD, 3. 1,JR, 1>
CALL EQUAL!r:cir:, 13, l i E L  10, 1, 10, I )
CALL TIM SCITC!!),ITCC2>)
• IF  (I'JARM-GT.fl) GOTO 650 
* IF  (ICOD E!1 2 ).EC.5) CALL L IN K !•CONESI•)
IF  ! I CODE!12)•EC. t .O R .I CODEC 1 2 ).EC.3) CALL LINK!*C0MES2*F 
IF  CI CO DEC 12) *E0. 2 .OR. I CODEC 12) > EC. 4) CALL LINKC *C0NES3#>
\C v STORE 4 DISPLAY. ’ '
650 CALL LINK! * ST0F5S* )
C . *, VAIT FOR START, LOOK FOR END.
700 IF  C I CODE! 1) .GT.G .AMD. I VARM.GT.0) GOTO 200
ITOV-ITOVM
IF < ITOV.GT. ITOViJX) GOTO 900
IF  (ICO DEC 10). EC. 1 .QF. I CODE! 12) • EC • 6 .OR. I CODE! IS) .EC .?) 
ICOTO 200 
GOTO 30 
900 IRUIMRUJM
IF  c ir u j . l e . irummxj goto ic
IF  < I CODEC D .G T .f l)  CALL IMTOFF! I TIME)
IF  CICODE! IS) .IIE .2 ) CALL RVK'PPlPUN*)
©ID
3 6 8
C PROGFAM KALIEQ»
C KALMAN FILTER -  ITERATED EXTENDED ORDINARY FOPMULATION.
C SUITABLE FOP ESTIMATION, CONTROL OR ESTlMATlON+CONTROL.
COMMON /CODE/I CODE! 16)
COMMON /DIM/N# IT , M*JI:* IMP* I UM. IUMP* X TlNP, NINP* ITIVMP 
COMMON /FJL/XESTC7, h#PHlC?,7>*HC3#7>,Z(a* l>
COMMON /EFIL/CEST< 5, 1 ># ZP( 3* I )
COMMON /FlL0/nPP<7,7>, QC7#7>#PNMC3#3)
COMMON /FILS/SPC7# 7 > .UC7* 7># V !3* 3)
COMMON /BUF/RHMIVC 10# 1 )# f  MOL DC 10,1>#RPQLD(10* 1)
COMMON /CTL1/53!3* 3>* CFC 3 ,3>* SPCC 5)* SPEC 3# I )
COMMON /CTL2/RPCC 5>#PIC< 5)#P.INTEG!5), ISPC4)
COMMON /CTL3/UNEUC3# 1>,U0LDC3# 15 #UMAX C 2, l)*UMXM!3# 1)#UEC3# 1) 
COMMON /MEAS/FA#FS,FC,TA#TB#T,TCI#TCO#CAI#CA 
COMMON /CONST/V®# VC# DH# A, E, FHO# CP*R# CP.TFC, CP.TFCT 
COMMON /RMG/Il*I2#RAMP,X0#XT
COMMON /ITS/I TOV, I TO VMX# I RUN, IRVHMX# I TEP# I TERMX* 1VAFM 
COMMON /TIM/TE(3),TC<2),TCA#ITE!4)#ITCC4)
COMMON /REVR/1 El, I E2, XVI# 1V2#NRI#IIP2
COMMON /TEMP/TEMPI < ie# J O ,  TEMPS! 10# 10) * TE1P3C 7# 7)
COMMON /MI SCI/NINT*FT# TOLEET,TOLCTLC 3) , TOLGa I * TOLEQM 
COMMON /MlEC2/CDT*IM,IPOINT,NC# BETA*51313> * ACV< 3) , ACVOLDC 3) 
COMMON /MI SCO/SUMEC?*SUMCON*ACTJ,PIASC 3)
COMMON /Ml SC4/EXPF# 1 COUNT# X VAL* 1MI ES# ION# IREC 
COMMON /MI SC5/DTC 3)#TQLXNT! 3)
COMMON /CORE/DUMMY!500)
COMMON /P.lllON/IMAFK
DIMENSION KPt 7, 1>,XST0RC7* 1 > *XES?ST(7# 1 ),PM( 10, I )# °P< 10# I ) 
DIMENSION F.PMC 7 ,7 ), PPSTQPC 7, 7>,  SMOOTHC7# 7)# ITU 7)
EOUIVALD1 CE < RM# FA)* <P.P. VR># < SMOOTH# PPM)
EXTERNAL UARFC# UARFCT* DERI V I, EVLIUT# PKIMT
C CHECK FOR SIMULATION-1F NOT START CLOCK.
IF  CICODEC IU L T .C ) GOTO 10 
CALL FRONT! U/CDT)
10 CALL LINK! •BF.GKQ* > .
CALL EQUAL! RFQLD* 10# I/P.P# 10* I* 10# 1>
GOTO 200
C STORE INITIAL ESTIMATE t COVARIANCE.
20 ITER3- I
CALL EG UAL CXEST# 7*I,XSTOP#7#1 ,IN P ,1)
. CALL EQUAL! P.PP# 7# 7* P.PCTOR, 7# 7# IMP# IMP)
25 I TEP.-I TER* 1
C CONSTRUCT PUFDICT10N MATRIX.
30 CALL NlLLCTFMrn*10#IC#N,1NP)
DO 45 )*WNINF 
IF  CJ.UT.N) GOTO 35
4 temp i c»i* d - x e s t c j* n  
GOTO nj 
35 DO 40 It* I#INP
IF (lJ-N>.Nlf.K> TEMPI!J*K>*0.
40 JF ! % J-N  >*EO.K) TEMPI!J#K>*1•
45 CONTINUE
C PRFDICT STATES 4 EVALUATE TRANSITION MATRIX.
CALL LGVALC RNGLD#10,1,RM#10#1#10#1)
CALL ASGCXEST#7#1)
CALL ASGCCUOLD* 3,1)
1T-0
DELAY«TE< I CODEC 1 3) ) tTCCI CODEC 14) )♦ TCA
IF  <ITOV.EC. 1.AND. I CODEC 1 3).EC.2) DELAY-DELAY-TECI CODEC 13))
50 IF  Cl CODEC 5ULT.0.ANP. I CODEC 1GULT.C) CALL PREDCTFMP1, 1C#1O#
1 TEMP2# 10, 1Q.NINP, IMP, DFLAY, DERIVI, UARFC, El'Ll NT, DTC 1 ) , TOLINTC 1) > 
IF  C I CODEC 5>.LT.C.AND.IC0PEC 1 6).GT.O) CALL PPEDC TEM^U 10# 1 0, 
1TENP2, 10, 1P*NINP, INP# DELAY, DERI Vl*UA*TC, PXINT, DTC 1),T0LINTC 1) ) 
IF C I CODEC 5) »GT. A. AND. I CODEC 16ULT.0) CALL P"EDCTEMPI# 10, I 0*
1 TFMP2, 10, 1C.NINP, INP# DELAY# DERI V1 #l'AeFCT, El’Ll NT* DTC 1 ># TOLiNTt 1> 
IF  CICODEC 5 )-GT.G.AND. ICODEC 1 6).GT.O) CALL PPEDCTEUP1# 10* 10# 
1TEMP2*10, 10,NINP#INP#DELAY# DERIVI.UARFCT,RKINT* DTC1)* T0L1NTC 1 )) 
IF  CIT.EQ. I )  GOTO 60 
XT«1
DELAY-FT-DELAY 
CALL ASGCCINEV* 3* 1)
GOTO 53
C RECONSTRUCT STATE VECTOR 4 TRANSITION MATRIX.
60 CALL RASGCXP# 7*1>
DO 05 J* 1,NINP 
IF  CJ.GT.N) GOTO 70 
XPCJ#1>=TEMP1(J*I)
GOTO 85 
70 DO 80 K* I#INP
60 PKI<J-N*X)3TEMP1<J*K)
85 CONTINUE
C UPDATE COVARIANCE.
CALL COVUPCRPM#INP)
C MODIFY PREDICTION IF I TERATED-EXTENDED FORMULATION.
IF . Cl CODEC 2>.NE* 2) GOTO 200
CALL MATASCXSTOR, 7# l,XEST#7* l#TEMPl# 10* 10# INP* 1#-I)
• CALL MAMULTCPHI#7,7 ,TEMPI« 10,10,TEMP2#10, IB#INP#INP#1)
CALL MATASCXP* 7*1*TEMP2#10#10,TEMPI#10#10#INP#I#1)
CALL EQUALCTEMPI#10*10,X?#7#1#1NP#1)
C CHECK VHETHER MEASUREMENT REQUIRED.
200 IF CICODEC D .GT.0> IVAPM*!VARM-1
IF  CXTER.LT. 1) GOTO 250 
GOTO 3B0
C VAIT FOR MEASUREMENT IF  REAL TIME.
250 IF  CICODEC D .L T .0 )  GOTO 280
270 IF  CI COUMT.LT* X VAL) GOTO 270
I COUNT30 
GOTO 320
C . CREATE MEASUREMENTS FROM DISC IF  SIMULATION.
280 CALL LINKC ’ MEASKO* )
C SHUFFLE STATE MEASUREMEI7S INTO OPDEP.
320 IF  C 1 CODEC 7# • EG* 1 .OP. I CODEC 7) . EG. 3 .OP. I CODEC 7) • EQ. 4.
10R.ICODEC7 ) . EQ.6) ZC1#1)3PMC 6,1)
IF  CI CODEC 7) .E0.2) Z< 1* 1) =F1H 10, t )
IF  C I CODEC 7 ). EG. 3.OR. I CODEC?)* EC. S) ZC 2# I >*PM< 1O# 1>
IF  C I CODEC 7) * EC* 4*QP.* 1 CO CEC 7) . EO* 6) ZC 2# I ) =RMC8# 1 >
IF  C I CODEC 7) • EQ* 5) ZC 1 * 1) *HM(8, 1)
IF  CI CODEC 7)•EQ* 6) ZC 3#1>*PM!10# D 
IF  CICODEC 12) * EQ.6) GOTO 650
C CORRUPT MEASUREMENTS VITH NOISE IF HECESSAPY.
IF  CICODECS).GT.0.OR.I VARM.GT.0.OR.C ITOV.EQ.OiAJJD.
1IC0DLC 10).ME. 1 > ) GOTO 360 
CO 350 J  * U  M
IF  ( I CODEC9) * EQ. 1 > XO33.4641016® CF.AUC 1 1# 1 2 )-. 5)
IF < IC0DKC9).EQ.a) CALL PND
IF < 1 CODEC9> • EO* 3) CALL AC'APCMC#DFTA, SIGCJ)# ACVC J ) ,  ACVOLDC J >)
IF  11 CODEC?) «N F.« 3) Z!J# I >*Z< J# D  * CI U!J ) *X0
IF CICODEC?) .EO. 3) ZCJ* l)«ZCJ* 1)*ACVCJ>
350 IF C IP U I.E O .I) ZCJ, D-ZCJ# I)-B IA S (J )
mc- n cm
300 CALL f.oualcpm, in#,l, P.EICT# 10* 1* 10# 1)
CALL TlM'r.t ITKf 1 > # 1TECLJ) >
C CHECK VHETHF.R CONTROL ONLY.
IF < I Of DLC 101.NF-. I )  GOTO 370 
CALL f.OLALCZ* 3, uXtST#?* UN , 1>
GOTO 600 
370 IF (1 TQV. E'.» 0) f.OTO AH0
LISTING B.3-
C CALCULATION OF GAIN 4 ESTIMATE.
330 CALL COGAOCRrM#XP)
C CHECK FOR 1T1 RATED-EXT IN DED FORMULATION.
IF ClCilPECD.NE. D) GOTO 600 
IF Cl TER.rO*ITERMX) GOTO 600 
IF CI TER. N E» 0) GOTO 390 
GOTO 410
C TEST FOR CONVERGFNCE OF ITERATED ESTIMATE.
390 DO 400 J* U  INP
DEV^ARSC CXKSTCJ#I) -XESTSTCJ#I) )♦ 1P0./XESTSTCJ*l>>
IK ( PF.V.GT.TOLEST) GOTO 410 
400 CONTINUE
GOTO 600
410 CALL EGUALCXEST#?#1#XESTST#7#1*INP#I)
C SMOOTH PACK*
CALL HINVR< PPM, 7,7* TEMP1,10#10,1NP#IR>
CALL MTRC FH1# 7# 7* TFMP2*1C* 10*INP,INP)
CALL MAMULTC TEM*5?, 10# 10,TEMPI, 10# 1 0, TEMPO# 7# 7, INP# INP# INP)
CALL MAMULTC RPSTOR* 7# 7, TEMPO# 7# 7, SMOOTH, 7# 7# INP# INP* INP)
CALL NATASCXEST*7, UXP#7, 1* TEMPI, 10* 10# INP# 1#-1>
CALL MAM 11.7C SMOOTH# 7# 7, TEMP 1, 10* 10, TEMPS# 10# 1 0# INP# INP# 1 >
CALL MATASCXETOR, 7* UTEMP2# 10, 10,XEST#7# I# INP* 1# I )
CALL EQUALC RP5T0R, 7, 7 # RPP# 7# 7#INP#INP)
GOTO 25
C COMPUTE ESTIMATION TIME * CONTROL.
600 CALL TIMECI TEC 3 ), I TEC 4 ))
CALL DELCITE*TEC1>)
CALL ECUAL C F.MN El-’* 10, 1* P.MOLD, 10# I # 10, I >
CALL EC UAL C IN EV# 3, 1 # UOL D, 3# U  J  P# 1)
CALL EQUAL.t RTI ESI* 10# U PM* 10* 1* 10* 1 >
CALL TINECITC(1)#ITC<2))
IF  ( IVAFM* GT.O) GOTO - 650
IF CICODEC 12).EC. 5) CALL LINKC ' CON’COI *>
IF CICODEC12)*EC. l.O R .I  CODEC 1?)•EC*3) CALL LINKC•C0VX02*)
IF CICODEC12).EQ. 2 .OR.I CODEC 1 2 ).EC.4) CALL LINKC#C0NK03•)
C STORE 4- DISPLAY.
650 CALL LINKC *STORKO*)
C * VAIT FOR START# LOOK FOR END.
700 IF CICODECl>.GT.O.AND.IVARM.GT.O) GOTO 200
XTOV=I TOV+ 1
IF C1T0V.GT. ITOVMX) GOTO 900
IF CICODEC tC>* EO. 1 .OR* I CODEC 12> * EQ * 6*0R. I CODEC I 5) . EC* 2)
1G0T0 200
IF CI CO DEC 0 )*E0. 1) GOTO 30 
IF CICODEC2 ) .EG.2) GOTO 20 .
900 IRIN*XRIN*1
IF CIRUI.LE.IRUNMX) GOTO 10
IF CI CODEC 1>.GT.O) CALL INTOFFC I TIME)
IF CICODEC 15) .NE. 2> CALL RUN! *PRIPUN# )
END
LISTING B.4
C PROGRAM KALI ES.
C KALMAN FILTER -  ITERATED EXTENDED SQUARE ROOT FORMULATION.
C SUITABLE FOP. ESTIMATION. CONTROL OR ESTIMATION*CONTROL.
COMMON /CODE/! CODEC 16)
COMMON /DIM/M,1P#M,JR,INP,IUM#IUMP,ITINP*NINP#IT! UMP 
COMMON /FIL/XESTC7, 1)*PHI<7# 7)#HC3# 7).ZC3#1)
COMMON /EFIL/CESTC 5,1)# ZPC 3#1)
COMMON /FILO/RPPC 7, 7) , CC 7* 7) # RM.MC 3# 3)
COMMON /F1LE/ SPC 7, 7) , UC7* 7) # VC 3# 3)
COMMON /CUF/RMNr»C 10, I ) ,  P.MOL DC 10# I )  # RPOLDC 10* 1 )
COMMON /CTL 1/SCC 3. 0UCRC3, 3># SPCCS)* SPEC 3# I)
COMMON /CTL2/RPCC 5)# PtCC S)#PINTECC 5), i SPC 4)
COMMON /CTL3/VNEVC3# l)#V0LDC3* I ) ,  UMAX! 3# I).1'!1!N<3# 1)#UE<3# I)  
COMMON /MEAS/FA.FD# FC.TA,T3, T ,T C I, TCO# CAI , CA 
COMMON /CON ST/V". VC* DK* A# E# PHO, CP# P# CRTFC# CP.TFCT 
COMMON /PNC/1UI 2* PANP.XO,XT
COMMON /I TS/ITOV* 170VMX* IP1.TI# IFtlNMX# ITER# ITEPMX# IVARM 
COMMON /TIM/TEC2),7CC?># TCA#I TEC 4)*ITCC4)
COMMON /Rr-'P./1 F.U I F.2, IV I ,  I V£# J1FI #JJP2
COMIIO.I /TEMP/TEMPI C 10, UM.TF.MPPC 10# 10) # TFMP3C 7. 7)
COMMON /MI CCI/fUNT.FT# TOL EE-T* TOLCTLC 3) * TOLCAI # TOL ROM 
COMMON /Ml CC2/CDT. IM# IPO INT# tIC. RET A# 3I0C 3). ACVC 2) , ACVOLDC 3) 
COMMON /MirC3/rL*NF.2T, Sr-iC0?l#ACTJ#niA3C3>
COMMON /Ml r.C4/FMrF» I COUNT* 1 VAL# IHISS, ION# !®EC 
COMMOI /!USC5/C7( 3)#TOLINTC3)
COMMON /COI*IVDUMMYC *00)
COMMON /plJNrm/ij-ArX
DI Mill SJ ON XPC7, 1 ),XST0rc7, 1) . XFSTSTC 7, 1) * BMC 10, 1 >* RPC 10* 1 > 
I)UR:)SI0N SMC?*?)# SSTORC?#?)#SMOOTH! 7 ,7 ), IR<7>
F.QLM VALENCE CRM#FA)# ! tiP, VU># ! SMOOTH* SM)
EXTERNAL UARFC# UARFCT* CF.RI VU EUUNT, RKINT
C CHECK FOR SIMULATION-I F NOT START CLOCK.
IF CICODEC D .L T .0 )  GOTO 10 
CALL FRONTC U/CDT)
ID CALL LINK( *DSG!C5' )
CALL EOUALCRFOLD. 10, 1#PP# 10* I# 10* 1) .
GOTO 200
C STORE INITIAL ESTIMATE I COVARIANCE.20 I TER3- 1
CALL EOUALCXEST*?* UXSTOR#?# 1# INP* 1)
CALL EQUALC SP* 7# 7, SSTOR# 7# 7*INP#INP)
25 ITEF.-1TER+I
C CONSTRUCT PREDICTION MATRIX.
30 CALL NULL!TF.MP2# 10* 10*N# INP)
DO 45 J=1#NINP 
IF CJ.GT.N) GOTO 35 
TEMPICJ*1>=XEST!J#1)
GOTO 45 
35 DO 40 KM* INP
IF CCJ-NDNE.K) TEMPI C J*K) =»0.
40 IF  CCJ-NDEQ.K) TEMPI CJ*K>» U
45 CONTINUE • •
C PREDICT STATES * EVALUATE TRANSITION MATP1X*
CALL EQUALCRMOLD, 10*I#RM*10*1*10*I )
CALL ASGCXEST#7*1)
CALL »A5GCt UOLD# 3# 1)
IT*0
DELAY=TE< 1 CODEC 13))®TCC! CODEC »4)> + TCA
IF C I TO V* EQ. I .  AND. ICO DEC 13). EC. 2 > DELAY* DELAY-TE! I CODEC 13))
50 IF  CI CODEC 5) »L7* 0• AND. I CODEC 1 C> *LT*E) CALL RREDCTEMPU 10* 10#
1 TEMP?., 10* 10# MINP# INP# DELAY, DEPI VUUAF.FC* El’L l NT, DTC 1)*T0LINTC I ) )  
IF  C I CODEC 5) .LT . 0. AND. I CODEC 1 6) • GT. 0) CALL FREDCTENPl* 10* IP#
I TEMPS# 1C* 10# MINP* INF# DELAY, DERI VU UARFC, HCl NT* DTC 1 )* TOL IN 7! I )  ) 
IF  CIC0DEC5>.GT. C.AND.1 CODEC 1 6 ).LT.?> CALL PREDCTEMP 1* 10#10#
1 TEMPS, 1C* 1 Q.NIN?, IMP, DELAY, DERI VU  UARFCT# El’L l NT, DTC 1)#T0LINTC 1> 
IF  CICODEC SUGT.e.ANR. 1 CODEC I 6) .G T .3 ) CALL PPF.DCTEMP1# 10* 10# 
1TEMP2* 10* 10*NINP* INP# DELAY, DEP.l VI * UARFCT* P-KINT# DTC 1) # TOUNTC 1)) 
IF CIT.EQ. 1) GOTO 60 
IT* I
DELAY*FT-DELAY 
CALL ASGCC IM EV* 3* 1 >
GOTO £0
C RECONSTRUCT SIATe VECTOR 4 TRANSITION MATP1X.
6U CALL PASOC XP# 7#1>
DO 85 J*1#NJMP 
IF  CJ.GT.N) GOTO 70 
XPCJ* 1)-TEMPI < L i )
GOTO 8 5 
70 DO 80 K -U IN P
80 PHICJ-M#K>“ TEMPIfJ#K) ,
85 CONTINUE
C UPDATE COVARIANCE.
CALL COVUPSCSM#INP)
3 6 9
C MODIFY PREDICT I ON IF I TEP.ATED-EXTENDED FORMULATION.
IF  <IC0DE(2).:iE.2> GOTO 200
CALL MATASC XQTOP, 7, I .  MEET. 7. I ,  TEMPI. 10, 10. I .'IP, 1 ,-1 )
CALL MAHULTC Fii I> 7, 7, TEMPI « Ufa UfaTEMPfl, 10. 10, IMP, IMP. I)
CA1-L MATAStXP, 7, 1,TEMPS* 10, 10, TEMP I ,  10, 10, IMP, 1,1)
CALL EQUAL!TEMPI, 10, 10,/.?, 7, I ,  IMP, |>
C CHECK VIIETHER MEASUREMENT RKQUIPED.
200 IF ( I  COOK! D .O T .fl) fVARM* ! WARM-1
IF ! ITEH .LT. t ) GOTO 250 
GOTO 380
C WAIT FOP MEASUREMENT IF  P£,\L TIME.
250 IF  < I CODE! 1>.LT. 0) GOTO 200
270 IF  < I CO UMT * LT* I VAL ) GOTO 270
!COUJT*0.
GOTO 320
C CREATE miASURKttHTS FROM 01 SC IF SIMULATION.•
200 CALL LlNK<*MEAfsCS»>
C SHUFFLE STATE MFASUREMENTS INTO ORDER.
320 IF  ( I CODEC7>.EC* I .OF. I COPF(?)» SO.3 .OH.ICODE!7)« EQ.4*
IOn.tCOUE!7).EQ.6) Zt I , I )* «!M< 6. 1)
IF C I CODE.!7) • EC. 2) Z< 1, I ) = !TH 10. 1 >
IF  < IC0DK<7> . EC* 3.0H* I C0CFC7) • EO. 5) Zi ?, 1) «TM( 10, I >
IF  < I CODE! 7) • EP, 4*0 R. 1 CO L'E! 7 > • EO. 6) Z ! 2. I ) * RM< 8. I )
IF  < I CODE! 7) . EC. 5) 2< 1, 1) » I'M!8* 1)
IF  <IC0CE!7)«E0.6) ZC 3, 1>»RM< 10. 1)
C CORRUPT MEASUREMENTS WITH NOISE IF NECESSARY*
IF  UCO DEC 8 ) .GT.O.OR.I WARM.GT.fl.OR-<ITOV,EO.O.AND.
11 CODS! 10) «NE« 1)) GOTO 360 
DO 350 J  * 1,M
IF  ! ICQDEC9).EC. J ) .XO* 3.4641016*<RAN!II, 1 2 )-.5 )
IF  CIC0DEC9). EC*2) CALL END
IF ! IC0DEC9), EQ. 3) CiUL ACVARCNC, GET A. SIG! J )  , ACVCJ ) ,  ACVOLDC J  ) )
IF  (1 CO DEC 9)•N E« 3 > Z C J* l)3Z(J,l)+$IGCJ>*XQ 
IF  C1 CODEC9 ) . EQ. 3) Z C J,1)=ZCJ,l)*ACV<J>
350 IF  CIRU4.EQ.1) Z C J,1)= Z (J ,I ) -B IA S (J )
NC-.1C* 1
360 CALL EQUALCRM, 10,1,PMNEV,10,1,16,1)
CALL TIMEC ITEC 1 ) , ITEC2 ))
C CHECK WHETHER CONTROL ONLY.
IF  C 1 CODEC 10).NE* 1) GOTO 370
CALL EOL’ALC Z, 3, l.XEST, 7, I , N, 1 ) ,
GOTO 600 
370 IF  ! XTOV. EQ. 0) GOTO 600
C CALCULATION OF GAIN 4 ESTIMATE.
380 • CALL COGASCSM.XP)
C CHECK FOR ITERATED-EXTENDED FORMULATION.
IF  <IC0DEC2).NE.2) GOTO 60G 
IF  CITER.EQ.ITEPMX) GOTO 600 
IF  ClTER.NE.O) GOTO 390 
GOTO 410
C TEST FOR CONVERGENCE OF ITERATED ESTIMATE.
390 DO 400 J*1,INP
DEV*ABS< CXESTC J ,  1)-XESTST(J, I ) )* 100-/XESTSTC J ,  1 > >
IF  C DEV.GT.TOLEST) GOTO 410 
400 CONTINUE
GOTO 600
410 ‘CALL EQUALCXEST.7,1.XEST5T,7 , I , INP#I)
C SMOOTH SACK.
CALL MTR< SM,7 .7 ,TEMPI»1 0 ,1 0 ,IMP.IMP)
CALL MAMULTC SM,7, 7 ,TEMPI, Io;IQ,TEM PO.7 ,7 ,IMP, IMP.INP)
CALL MXNVRCTE'1P3.7,7, TEMPI. 1C, 10, INP, IR)
CALL MTRCPHl,?,7,TEM?2* 10. 10, IMP, IN?)
CALL MAMULTC TEMP2, 10, 10, 721? 1, 10. 10, TEMP3, 7, 7, IMP. IMP, INP)
CALL MTP.C SSTOR, 7, 7, TEMPI * 10, 10, IMP, IMP)
CALL MAMULTCSSTOR,7.7. TEM?I, 10,10,TEMP?,12/1fl,IMP,IMP,IMP) 
CALL MAMULTC TEMF2, 12, 13.TEMP3,7* 7 ,SMOOTH, 7 ,7 ,IMP,INP,IMP)
CALL MATASCXEST.7,l.XP.7 .1 .TEMPI,12.13,IMP, 1 ,-1 )
CALL MAMULTC SMOOTH, 7, 7, TS1P1. 10. Ufa TEMPS, 12, 10, 1 .'IP * INP. I )
CALL MATASC XSTOP, 7, I.TEMP2# IC, 10.XEST.7, I ,  IMP, 1, I)
CALL EQUALC SSTOR,7 ,7 ,SP,7 ,7 .IMP,IMP)
GOTO 2S
C COMPUTE ESTIMATION TIME 4 CONTROL.
600 CALL TIME! I TEC 3) , I TEC 4) >
CALL DELCITE.TE! 1))
CALL EQUALCPMHEY, 10,I , RMQL D, 10,1,10,1)
CALL EQUAL!UMEVfa 3, 1, UOLO, 2, I .JR . 1)
CALL TIM E!ITC<I), ITCC2))
IF  CIVARM.GT.0) GOTO 650
IF CICODE!12).EC. 5) CALL LINK t ’ CONKS!•>
IF  CICODE!1 2 ).EC. 1.OR.ICODE!1 2 ).E0.3) CALL LtNXC •C0NKS2*)
IF  CICODE!1 2 ).E0.2.OP.ICODE!1 2 ).EO,4) CALL LINK!*C0NKS3*>
C STORE 4 DISPLAY.
650 CALL LIMKC * STOPKS*)
C WAIT FOR START, LOOK FOR END.
700 IF  CICODFCD.GT.O.AND* ILViPH.GT.O) GOTO 200
I TOV-1 TOV* |
IF < I TOV. GT. I TO VMX) GOTO 900
IF ! I CODE! 10) * EQ. 1. OR. ICODE! 12) . EQ. 6. OR. I CODEC IS ).E 0 .2 )
1G0T0 COO
IF \ I CODE! 2) * EQ* 1) GOTO 30 
IF <IC0Dl!2).EQ,2) GOTO 20 *
900 XRU4«XXUft« I
IF  (1MN.LE* IRINMX) GOTO 10 •
IF CICODE! D .G T .O ) CALL IHTOFFtITIME)
IF  CICODE! 15) .ME. 2) CALL RUN CPRIPVN1)
DID
LISTING B.5
C PROGRAM KALSOQ.
C KALMAN FILTER -  SECOND ORDER ORDINARY FORMULATION.C SUITABLE FOR ESTIMATlON, CONTROL OR ESTIMATlON,CONTROL.
COMMON 'CODE/ICOPE< 16)
COMMON /DIM/M. 1P.M. JR , IMP, I PM, I UMP, I TtMP.NINP, 171 UMP 
COMMON /FIL/XESTC7. I ) ,  PHI 17, 7) ,11 13, 7> , ZC 3, 1 >
COMMON /EFIL/CESTCS, l),ZPC3, |)
COMMON /F1L0/F.PPC7,7),GC7. 7),F.;!NC3, 3)
COMMON /FILS/SPC7,7),U< 7, 7 ). " ( 3. 3)
COMMON /DUF/P.MNEVC 10, I ),RMOLD( 10, I ) ,  PPOLOC IB, II  
COMMON /CTLI/SOC 3, 3 ), CRC 3, 3> , SFCC 5), SPEC 3, 1}
COMMON /CTL2/RPCC5), RICC S> .RINTEGC F), I FPC 4)
COMMON /CTL3/VNEVC 3, l),P0 L0 (3 , 1 ) , UMAXC 3, 11, UMINC 3, l),UE<3, I )  
COMMON /MEAS/FA,FS.FC.TA, T S ,T ,T C I, TCO.CAI. CA 
COMMON /CONST/VR, VC, CH, A, ?» RIIO. CP, R. CP.TFC. CRTFCT 
COMMON /PNG/ I 1,12, RAMP.MO,XT
COMMON /ITS/ I TOV, 1 TO VMX, I PCM, IRUNMX, ITEP, ITEEMX,IUARM 
COMMON /TIM/TEC2),TCC2).TCA, I TEC 4) , I TCC 4)
COMMON /P5MP/I E l. 1E2. I V I, I V2.MRI. fir.2
COMMON /TEMP/TEMPI<IB. 1 0 ),TcM FTIIP,IC) , TEMP317,7)
COMMON /III SC I/M INT, FT, TOLEST, TOLCTL! 3), TOLGAI. TOLEOM 
COMMON /HI SC2/COT, IM, I POINT.NC, GETA, SI 01 3). ACVC 3 ), ACVOLDC 3) 
COMMON /Ml SC3/"CHEST, StMCON. ACTJ, E! A SC 3)
COMMON /MI SCVEXPF, IC OC IT.IVAL.IM I33,ION,IREC 
COMMON /III ECS/CTC 3) .TOLINTC 3)
COMMON /CORE/OCMHYC 500)
COMMON /P. LOOM/1 MARK
DIMENSION XPC7. 1) . PMC 10, I ) , P.PC I (I, I ) ,  RPMC 7.7)
EQUIVALENCE C EM, FA) . C RP, VF.)
EXTERNAL UARFC. L’APFCT, DERI V2. EULINT, RXINT
C CHECK FOP. SIMULATION-! F MOT STAP.T CLOCK.
IT  CICODEC D .L T .B ) GOTO 10 
CALL FF.OMTC I ,/CDT)
ID CALL LIMKC *DEGEO'>
CALL EOl'ALCRPOLD. 10. I ,  P.P. 10, I ,  10, I)
GOTO 200
C CONSTRUCT PREDICTION MATRIX.
20 CALL NULL!TEMPO,10,10,N,IMP)
DO 70 JMaNINP 
IF  CJ.GT.M) COTO £0 
TENPICJ. 11-XESTCJ, I )
GOTO 70 
60 CO 65 K « l, INP
65 TEMPICJ.K)»RPPCJ-N,X>
70 CONTINUE
C PREDICT STATES 4 UPDATE COVARIANCE,
CALL ECUALC RMOLD, 10, I,PM, 10, I .  10, I)
CALL ASGCXEST,7.I)
CALL ASGCC MOLD, 3, I )
IT -0
DELAY*TE( ICOOEC 13) )»TCC tCODEC IA) >»TCA
tF CITOV, EQ, l.AN D ,! CODEC 1 3) . EC • 2) DELAY* OELAY-TEC I CODEC 13) )
60 IF  CICODE!5).LT.O.AND.ICODEC l/.).LT.CI) CALL ?=>EDC TE’IP I . 10, 10.
ITEMP2, 10, IO.NINP, IMP. DELAY. DERIV2,UARFC. E 'L I 'IT . DTI I ) .  TOLINTC 1)>
IF  C I CODEC S) ,L T . 3 • AND. I CO DFC I £) • OT-B) CALL Pr  EDI TEMP I » IB, IB, 
ITEMP2, 10. IB,,‘I INP. INP. DELAY, DF.Pt VS. UARFC, PKtNT, DTC I )» TOLINTC l)> 
IF  CtCODECS),GT,O.A.ID.ICOCt:clfi).Lr.O) CALL PPEDC TEMPI . IB. 10, 
ITEMP2. 10, IO.NINP. IrlP, DELAY. DF.Rt V2, UARFCT. SPLINT, DTC I ) ,  TOLINTC I) 
IF  CICODEC 5). GT.O. AND. ICODEC 16). GT.B) CALL P"EDCTEMPt, IB, IB, 
ITEHP2, 10. IO.NINP. INP. DELAY. DF.RI V2, UAPFCT» PXINT, DTC I ) .  TOLINTC I)  ) 
IF  CIT. EO. I ) GOTO IEO 
IT »  I
DEL AY* FT-DEL AY 
CALL ASGCC UIEV, 3.1)
GOTO 60
c RECONSTRUCT STATE VECTOR 4 COVdRIANCE MATRIX.
100 CALL PASGCXP,7,1)
DO 120 J*I,NINP 
IF CJ.GT.M) GOTO 110 
XPCJ, I)»TEMP1CJ.I)
COTO 120 
110 DO 120 X* l»  IMP
RPMCJ-N,iC)»TE>IPllJ,K)
120 CONTINUE
C ADD PROCESS NOISE.
CALL MATASCRFM, 7 .7 ,0 ,7 ,7 , TEMPI.10,10,IM P,INP.I)
CALL EQUALC TEMPI,1 0 ,1 0 ,RPM,7 .7 ,INP,INP)
C CHECK WIETHER MEASUREMENT REQUIRED.
200 IF  C 1 CODEC 1 > .GT.O) IVARMM VAPM-1
C VAIT FOR MEASURRIEIT IF  REAL TIME.
250 IF  CICODEC D .L T .G ) GOTO 280
270 IF  CICOINT.LT. IVAL) GOTO 270
1 COLNT=fl.
GOTO 320
C CREATE MEASUREMENTS FROM DISC IF  SIMULATION*
230 CALL LINKC •IIEASSO* )
C SHUFFLE STATE MEASUREMENTS INTO OPDER.
320 IF  C I CODEC 7) .EQ. t.Q R .l CODEC '7)>EG«3.0R.ICODEC7).EC.4«
IOR.I CODEC 7) . EO. 6) ZC I .  l)»F-M<6, I )
IF  Cl CODEC7 ). EO.2) ZCI,I>*RMCIB,1>
IF  < I CO DEC 71, EC. 3.0R.IC3DEC7).E0,S) EC 2, 1) "RMC 10,1)
IF  C I C0DEC7) .  EC. 4.0 R. 1 C3 DEC 7 ) . EQ. 6) ZC2,1>*RMC6,I>
• IF  CI CO-DEC 7) . EQ. S) ZC I ,  ! > = EM<8, I >
IF  <1 C0DEC7) .E C .6) 2C3, 1 ) = P.MC 10, 1 >
C CORRUPT MEASUREMENTS V1TH NOISE IF  NECESSARY.
IF  CICOCEC8),GT.0.OR. I'-’AF.M. GT . 0. OR, C 1T0 V. EO.O. AND.
I I  CO DEC 10).NE. I ) )  GOTO 360 
CO 350 J=I,M
IF CI CODEC 9) . EQ. 1) X0 = 3 .46410 I 6*CPANt11 ,I2 I - .S )
IF  C I CO DEC 9) . EO. 2) CALL F-ND
IF  < I CO DEC 9 ) .EC.3) CALL ACVAP.CHC, BETA. SI GCJ) .ACVCJ) • ACVOLDC J )  ) 
IF  <1 CO D EC 9 ) ,ME, 3) EC J .  I > = ZC J ,  I ) * SI GC J )  *X0 
IF  C I CO DEC 9) • EQ. 3) EC J ,  I >*ZCJ, 1 ) *ACVCJ )
350 IF  CIRUJ.EQ-1) ECJ, D -E C J . I ) -D IA S (J )
NC*NC* 1
360 CALL EQUALCHM. 10. l.HMNEV. 10. I ,  10. 1)
CALL TIMEC ITEC 1 ) ,  I TEC 2) >
C CHECK UHETHER CONTROL ONLY.
IF  CICODEC 10) .NE. I )  GOTO 370 
CALL EGUALCE.3, l.X E S T ,7, !,N , 1)
GOTO 620 
370 IF  CITOV. EO.O) GOTO 600
C CALCULATION OF GAIN 4 ESTIMATE.
■ 380 CALL COGAOCP.PM.XP)
C COMPUTE ESTIMATION TIME 4 CONTROL.
600 CALL TIMEC ITEC 3) « I TEC 4) )
CALL DELC ITE. TEC I ) )
CALL EQUALCP.MMEY, 10. I,RMOLD. 10, 1, 10, I)
CALL EQUALC UIEV, 3, I , UOLC. 3. I .  JR , 1)
CALL TIMEC 1TCC 1 )>!TCC2) )
IF  CIVARM.GT.0) GOTO 6S0
IF  C 1 CODEC 12) . EO. S) CALL LINK C'CONSOl’ )
IF  _C I CODEC 12) . EO. l.O R .l CODEC 12). EG .3 ) CALL LINKC<COMS02•)
. IF  CICODEC 12) .E O .2 .OR. ICODEC 12). EC.4) CALL LIMKC'CONSOS')
C STORE 4 DISPLAY.
650 CALL LINKC*STORSO*>
C • VAIT FOR START. LOOK FOR END.
700 IF  C1 CODEC 1 ).G T ,0 .AND.IYARM.GT.0) GOTO 200 
ITOV*ITOV»l
IF CITOV.GT.I TOVMX) GOTO 900
IF C ICODEC 10). EO. I .OR. ICODEC 12) . EO. 6. OR. ICODF.C I S) . EO. 2) 
ICO TO 200 
GOTO 20 
900 IP.UI*IRIN»I
IF CIRUI.LE. IPMIMX) GOTO IB
IF < I CO DEC!). GT.B) CALL INTOFFC ITIME)
IF < I CODEC 1 5) .NE. 2) CALL RUNC •P“ IPI.74’ )
BID
370
C PF.OGRAM KALSOS.
C KALMAN FILTER -  SECOND ORDER SCl'ARE ROOT FOPMt'LAT! ON *
C SUITA (ILL FOR ESTIMATION* CONTROL OR ESTIMATION* CONTROL*
COMMON /CODE/1 CODE! 16)
COMMON /DIM/N# 1 P.M. JR. IMP. IUM.IUMP.ITINP#MINP. IT1UMP 
COMMON /FJL/XF.r.T<7# U * PH I (7#7)#H<3 .7>#ZC3. 1)
COMMON /EFIL/CFST!5, D .2 F C 3 .1)
COMMON /FILO/KPPC7#7)#QC7#7).RMN! 3# 3)
COMMON /FIL  f»/ SP< 7, 7 ) # I'C 7* 7 > . VC 3. 3)
COMMON /nbT/RMNE/C IO# D.RMOLD! 10# D.PPQLD! 10. 1)
COMMON /CTL1/SC!3* 3 ) .C*! 3* 3 ) .5PCC 5)* SPEC 3. t >
COMMON /CTLD/RFC!5>#RIC<5)*PIMTEOCE>. 1SPCA)
COMMON /CTL3/INEV! 3* 1)* POL DC 3* 1) * I’M AX! 3# D.UMINC3. 1) * UEC 3. 1) 
COMMON /MEAS/FA# F3* FC* TA* TR* T# TCI *TCO* CAI.CA 
COMMON /COiN ST/VR, VC* CH# A. 2* RHO* CP* P# CRTFC* CRTFCT 
COMMON /FNG/1*1 .12# RANR#XO.XT
COMMON /1TS/1T0V,ITOVMX,IRUN*IRUN MX*ITER*ITERMX#IWARM 
COMMON /TIM/TECS)* TCC 2># TCA*ITECA>*ITCCA)
COMMON /RLVR/I El* I E2. 1 VI* IV2.NRI.MR?
COMMON /TEMP/TEMP! C 10* 10>#Tfc!P2! 10. 10) * TEMP3C 7* 7>
COMMON /MI SC1/NIMT.FT* TOL FST.TOLCTLC3)* TOLGAI* TOLECM 
COMMON /MI5C2/CDT* IM. IP0INT#NC#PE7A#SIGC 3 ). ACV< 3>.ACV0LDC3) 
COMMON /MI SC3/ SUMEST. SILICON* ACTJ. Bl ASC 3)
COMMON /MISCA/EXPF*ICO UJT.IVAL*IMISS.ION*IREC 
COMMON /MlSC5/DTC3 ) .TOLINTC3)
COMMON /COP.E/DVMMYCSOD)
COMMON /RIMON/IMARK
DIMENSION XP(7. 1 > .PMC 10. 1). P.PC 10. D.SNC7.7)
EQUIVALENCE (RM. FA). (RP. VR)
EXTERNAL UARFC. UARFCT. DERIV3. EULIMT*EXIST
C CHECK FOR SIMULATION-IF NOT START CLOCK.
IF  ( I  CO DEC D .L T .e )  GOTO 10 
CALL FRONT!1./CDT)
10 'CALL LINK! 'BEGSS*)
CALL EQUAL!RPOLD*10.l.R P .10*1*I0 .1 )
GOTO 200
C CONSTRUCT PREDICTION MATRIX.
20 CALL NULLCTEMP2.10.10.N.INP)
DO 70 J= i.N INP 
IF  ( J .G T .N ) GOTO 60 
T E M P IC J.l)»X E S T!J.I)
GOTO 70 
60 DO 65 K M . INP
65 TEMPICJ.K)«SP<J-N.K>
70 CONTINUE
E PREDICT STATES I UPDATE COVARIANCE.
CALL EQUaLCRMOLD*10.l.R M .10.I . 10.1)
CALL ASGCXEST. 7.1)
CALL ASGCCUOLD, 3. 1)
IT*0
DELAY*TE! I CODEC 1 3) ) +TCC I CODEC 1 A) >*TCA
IF  C I TO V. EQ* I • Atl D. I CO DEC 13). £0.2) DELAY-DELAY-TE! Z CODE! 13))
80 IF ! ICODE! 5>.LT.0.AND. I CODEC 16).LT-0) CALL P?ED!TE21PI. IP. 10.
ITEMP2.10* 10.NIUP.IMP* DELAY.DERIV3.UAPFC#EULIMT. DTC1). TOLINTCI)) 
IF ! I CODEC 5 ).L T .E .A N D -1 CODEC 16)■GT.C) CALL P*ED! TEM? I . 10. 10* 
ITEMP2. 10* 1 R.NIMP# INP* DELAY* DERI73.UA*»FC.PKINT# DTC I ) . TOLINTC I )  ) 
IF  ! I CODEC 5) .GT.0.AMD.ICODEC 1 6) .L T .P ) CALL PREDC TFMP 1# 1 0. 10#
ITEMP2* 10* 10*MIMP# IMP. DELAY.DERI V3.UARFCT, £10.1:11# CT! 1) * TOLI NT! 1)
IF  ( I  CO DEC S)*GT*0«AMD. I CODEC 161.GT.0) CALL PPEDCTEMPl. 10* I 0*
1 TEMPS#10*10.UINP,IMP# DELAY* DERI V3,UARFCT.PXINT#DTC1>*TOLINTC1)) 
XF ( IT .E O .1) GOTO 100 
IT* t
DELAY»FT-DELAY 
CALL A£GC(UNLV. 3. I )
GOTO 80
C RECONSTRUCT STATE VECTOR L COVARIANCE MATRIX.
100 CALL P.ASGtXP*?# I)
DO ICO J* 1 .NINP 
IF (J .G T -N ) GOTO 110 
XPCJ. I >*TFM1M!J. 1)
GOTO 120 
110 DO 120 It*WIMP
SMtJ-N.K)“TEMPI < J*K)
120 CONTINUE
C ADD PROCESS NO ISE*
CALL MTR!SM.7# 7 .TEMPI*10.IP .IN P . INP)
CALL MAMULT!SM* 7*7.TEMPI.10*IB.TEMPO.7# 7 .IN P .IN P .IN P) .
CALL MATAS!TEMPO#7. 7* Q.7#7#TEMP1* 10* IO.XNP.IHP. I )
CALL CHOLSR!TEMPI*1C*10# SM.7 .7 .INP)
C CHECK VHETHER MEASUREMENT REQUIRED.
200 IF  CICODEC D .G T .O ) 1WARM*IWARM-1
C WAIT FOR MEASUREMFNT IF  REAL TIME.
250 IF  C1C0DE!1 )*LT.O> GOTO 280
270 IF  CICOUNT.LT. 1 VAL) ‘GOTO 270
1COIWT»0. *
GOTO 320
C CREATE MEASUREMENTS FROM DISC IF  SIMULATION.
280 CALL LINK!'MEASSS*)
C SHUFFLE STATE MEASUREMENTS INTO ‘ORDER.
320 IF  UC0DEC7).EQ. I .OR. I CODEC 7) . EQ. 3.0R. ICODEC 7> .EQ.4 .
10R.1CODE!7)•EC* 6) ZC1*I)*RMC6#1)
IF  tlCODEC?).EC. 2) 2 (1 .1 )*RMC10.I)
IF ! I CODE!7) .EG* 3.0R. 1 CODE! 7) . EQ.S) Z<2, D*=PM! 10. D  
IF  Cl C0DEC7).EO. 4.0 R. 1 CO DEC 7) . EG. 6) Z !2 .1)*RM(8.1>
IF  < I CODEC 7) .EC. 5) Z( 1. 1 >“RM<8. 1)
IF  ! I CODE!7 ) .EQ.6) Z (3 .1>*RMC10.1)
C CORRUPT MEASUREMENTS WITH NOISE IF  NECESSARY.
IF  ! I CODECS).GT.C.OR.IUARM.GT.O.OR.CITOV.EO.0*AND.
IXCODE! IO .N E . l>) GOTO 360 
DO 350 J* l.M
IF Cl C0DE(9).EQ. 1) XO-3. 4641016*!RANCI1. I2> «. 5>
IF Cl C0DE(9). E0.2) CALL P-MD
IF C1 CODEC9> * EC.3> CALL ACVARCNC.BETA. SIG(J).ACVCJ).ACVOLDCJ)) 
IF CI CO DEC 9 )«M E* 3) Z C J .I )= Z (J .D  + SI GCJ)*XO 
IF  !1C0DE<9) .E0.3) Z{ J .  1 >*»Z(J. I >♦ ACV(J>
350 IF  <IRIN. EQ.1) Z C J . l )aZ !J .I ) -B IA S (J )
NC*NC* 1
360 CALL EQUAL!P.M* 10. l.BMNEV. 10. 1. 10. !>
CALL TIME!ITEC 1 ) . ITEC2 ))
C CHECK WHETHER CONTROL ONLY.
IF  ! I CODE! 10) .NE. 1 ) GOTO 370 
CALL EQUAL<Z. 3. 1.XEST.7. l .N . I )
GOTO 600 
370 IF  CITOV.EG.0) GOTO 600
C CALCULATION OF GAIN 1 ESTIMATE.
380 CALL COGAS!SM.XP)
LISTING B.6
C COMPUTE ESTIMATION TIME I CONTROL.
*600 CALL TIM E !ITE !3 ). 1 TE !A ))
CALL DEL! ITE . TE! D )
CALL EQUAL!RUMEN#10.I* PMOLD*10*1.10.I)
CALL EQUAL! U1 EV. 3# I . UOLD. 3# I .  JR. I )
CALL TIM E!ITC!1>.ITC!2>)
IF CJVnru.GT.O) GOTO 650
IF < ICODE! 12) .EO. 5) CALL LINK ( ‘ CONSSIM
IF  (ICODE! 1 2 ).EQ. 1.OR.ICODE!1 2 ).EO.3) CALL LINK!*CQN$S2 *) 
IF (ICODE!12).E O .2 .OR.ICODE!1 2 ).EO.A) CALL LINK! "C0NSS3 *)
C STORE I DISPLAY.
650 CALL LINK! '  STORES* )
C VftlT FOR START. LOOK FOR END.
700 IF (ICODE! D.GT.O .AND. IWAPM.QT.0) GOTO 200
I TOV«I TOV+ I
IF CITOV.GT.ITOVMX) GOTO 900IF (ICODE!10)* EQ. I.OR. ICODE!12). EQ.6 .OR.I CODEC15).E0.P) 
1G0T0 200 
GOTO 20 900 I RUM* J PUN*I
IF !2 RltJ. L E .1PtMMX) GOTO 10
IF Ct CODEC 1) .G T.0) CALL INTOFF! I TIME)
IF (ICODL! 15) .ME. 2) CALL RUN! 'PPIPUN*)BID
LISTING B.7
C OVERLAY BFGKF.
C SETS VP FILES & CERTAIN PARAMETERS.
C KALMAN FORMULATION.
COMMON /CODE/I CODE! 1 6)
COMMON /DIM/N# JP,M.JR# INP* I UM. I UMP. I T1NP.N IMP. I T l IMP 
COMMON /F1L/XEST!7. I).P1IIC7.7).KC3. 7>.Z(3. I)
COMMON /FILO/RPP!7 .7 ). C< 7 .7> .RMN!3,3)
COMMON /F1LS/5P<7.7) *IU7* 7>. V! 3# 3)
COMMON /CTL3/1UEVC3*1)* VOLD( 3*1) . UMAX!3.1) . UM!N< 3. I > .UE!3.1> 
COMMON /ITS/1TOV.1T0VMN. IRUN,1RVNMX.JTEP.ITERMX.IVAPM 
COMMON /REWR/1 El . I E2. I VI .  I V2. NR I .  NP.2
COMMON /MISC2/CDT#IM# I POINT*MC#BETA#SIG!3)*ACVC3)*ACVOLDC3) 
COMMON /:! I SC 3/ SUM EST* SUM CON # ACTJ > BIAS< 3)
COMMON /MISCA/EXPF*I COUNT.IVAL.IMISS.ION.IREC
C SET UP FILES IF  START.
IF  CIRLN.NE. D  GOTO 10
K«IREC*2 , ,
CALL SETFIL! 1# * DATA1. 1 El* 1 SY# )
DEFINE FILE KNR1 * 20* U* I VD  
CALL SETFILC2. * DM1S*. I E2. * SY* >
DEFINE FILE 2CNR2.K.U. IV2)
10 ITERcO
1TOV-0 
IM»2
CALL SETFIL!3#•IE S T* .IE 3 .*5Y*)
DEFINE FILE 3! I .  14. U. I V3>
READ! 3* t )XEST 
END FILE 3
CALL SETFIL!3.* ICVR*.IE3.*SY*)
DEFINE F ILL 3! A9. 2. U. IV3)
DO 15 J “ 1 # INP 
DO 15 K » l,  INP 
L"7* C J-I )»K
IF  Cl CODE!3 )*LT.0) READ!3*L)5PCJ.K)
15 IF  !1CODEC 3 )«GT.0> READ!3*L)RPPCO.K)
END FILE 3
CALL SETF1LC3.'UNEW*. IE3* »SYM 
DEFINE FILE 3C1.6.U.IV3)
READ! 3* 1 >INEV 
END FILE 3
IF  (ICODE! D .G T .O ) CALL ZMPLCUNEW.3# D
CALL RETURN
END
LISTING B.8
C OVERLAY BEGEF- »
C SETS UP FILES 4 CERTAIN PARAMETERS.
C EXACT FORMULATION.
COMMON /CO DE/I CO DE!16)
COMMON /DIM/N.XP.M.JR. INP#IUM#1UHP.ITINP.NINP,IT1UMP 
COMMON /EFIL/CEST!5*1)#ZP!3*D 
COMMON /FILO/P.PPC 7# 7)# C! 7. 7) .  P.MN! 3. 3)
COMMON /FILS/SP< 7* 7)# U(7* 7 ) .V< 3 .3>
COMMON /CTL3/VMEV(3# D# UOLD! 3* D* UMAXC 3* 1) * UMIN! 3* D .  UEC 3. I )  
COMMON /I TS/1 TO V* 1 TO VMM* I PUN* I RUiJMX. ITER. 1 TEP.MX. 1 VAPM 
COMMON /REVR/lE l# IE2 .IVI.IV2.NPl.NP2
COMMOM /MISC2/CDT*IM# I POINT. NC* BETA*SIGC3 ).ACVC3>*ACVOLDC3> 
COMMON /MISG3/SUMEST* SUMCON* ACTJ* GIASC 3>
COMMON /MI SCA/EXPF* I COUIT* I VAL. IMI SS.ION. X.REC
C SET UP FILES IF START.
IF  CIRUN.NE. I )  GOTO 10 
K*IREC*2
CALL SETFILC l.’ DATA’ . I E l .  *5YD 
DEFINE FILE 1CNR1. 20. U. X V I )
CALL SETF1LC 2. • DMI S*. I E2. • SY • )
DEFINE FILE 2CNR2.K. U. IV2)
10 IT IJ^O
ITOV.0
* IM-C
CALL ^ETFI LC 3. M f.ST •. IK3. * 5Y ■ )
PI FINE FILE 3< 1. 10, t». I J3)
HEAP! 3* r>CE5T 
B-JD FILE 3
CALL SETFILO, •ICVR*»IF3. *SYD 
DEFINE FILF. 3CA9.2.U. I V3)ro is. j-i.iv:ip
W If. 1C*I .  IUMP 
L »7 * !J -1 >♦!(
IF Cl CODEC 3> .LT.C1) riYVDC S 'L ) SPC J .K )
15 IP ( I CODEC 3).G T.fl) READ! 3*L)RPPCJ.K)
END FILE 3
CALL SETFILC 3* * IWEW1 # I F3. • SY* )
DEFINE FILE 3C1.6.U.IV3)
READ! 3* I ) IM EW 
IUD KILE 3
IF  CICODEC D .G T .O ) CALL IMPLCUNEW. 3. D
CALL RETURN
END
LISTING B.9
C OVERLAY MEA5KF.
C CREATES MEASUREMENTS FROM DISC FOR USE IN SIMULATION.
C KALMAN FORMULATION.
COMMON /CODE/I CODFC 16) \
COMMON /DIM/N.I P.M*JR.INP#1UM* XVMP#ITINP.NINP#ITIVMP 
COMMON /FIL/XESTC 7* D # P1U C7. 7 ) ,HC 3. 7>.Z<3* D 
COMMON /JUF/RMN E'< 10* D* TMOLPC 10* 1 ).RPOLDC 10* D  
COMMON /CTL3/UNF.VC3* I ) * VOL PC 3# D* UMAX (3# D .  UMIN! 3. 1 > .  UEC 2. I >
COMMON /MEAS/FA*FP* FC* TA# TD* T# TCI * TCO*CAI* CA 
COMMON /CON ST/VR# VC* Dll# A. F. PHO* CP* F# CPTFC# CPTFCT- 
COMMON /ITS/1TOV* JTOVMM#I FUN#! RUNMM.ITEP.ITEFMX.IWAPM 
COMMON /TIM/TE!‘2)*TCC2)#TCA*ITE!A)#ITC<A)
COMMON /RF’R/1 El# I E2. 1 V I. I VS. NR I « MRS
COMMON /TEMP/TEMPI! 10# 10.TEMP2! IP# 10) . TEMP3! 7. 7)
COMMON /MI SCl/N INT# FT# TOLEST# TOLCTLC 3) # TQLGAl # TOLI'OM 
COMMON /MlSC2/CC7#IM#IPOINT.NC.BETA# SIGCD>.ACVC3)#ACVOLDC3) 
COMMON /Ml SC£/DTC 3). TOLINT!3)
DIME) SI ON RM( 10. D .RP! IS . D  
EQUI VAL El CE ( RJ1. FA) # ( RP. VP.)
EXTERNAL MODEL# UAF.FC# UARFCT# EULJ NT# RK J NT
C CHECK FOR SIMULATED RERUN.
IF (ICODE!1 5).E5.3) GOTO 300
C SIMULATION.
READ! I * IM) RM
CALL EQUAL!RPOLD. IC# l.RP. 10# I .  10. D  
IF  CITOV. EQ.fl) .CALL RETURN
371
OLD CONTROLS FIRST.
CALL ASGCCUJLD, 3, t>
CALL PASGCTEMFl. >0.16)
DELAY.TEC I CODE! I 3J 1»TC( 1 CODEC IAJ 1*TCA
IF ( I TOV. SO. I .AND. I CODEC 1 3) . EC . 2) CELAV» DELAY-TEC J CODEC t 311 IT«0
IF  C 1 CODEC SJ .LT . B .AMD. I CODEC I6 J .L T .3 ) CALL PPEDCTEMP1, IS. 10. 
1TEHF2. I 0. )B,N. I. DELAY, MODEL, L’AP-FC, EIT-IMT, DTC 3) , TOLIMTC 3) J 
IF C I CODEC 5J .LT . B.AMD. I CODEC 1 6J , GT.P J CALL PPEDC TEMP I. 10, 10. 
ITEMP2, 10. 10.JJ, 1 ,DECAY,M3DEL,UARFC,FKIHT,DTC31.TOLINTC311 
IP CICOnF-CSJ.GT.C.AMD.tCODEC 16J.LT.DJ CALL PPEDC TEMPI. 1C. 10, 
ITEMP2, 10, 10,!J, I .  DELAY. MODEL, UARFCT, E'.'LINT, DTC 3) , TOLINTC 31 J 
IF < ICODEC SJ .OT.O.AMD. ICODEC I CJ .GT.O) CALL 
ITEHP2.10,1B.N,I,DELAY,MODEL, UARFC ........
LISTING B. 12
EEC TEMPI, 10, 10, 
nXlNT, DTC3),TOLINTC 3>)
NEW CONTROLS NEXT.
IF CIT. EQ.1 > GOTO 200 
CALL ASGCC IMEU* 3* 1 >
DELAY-FT- DELAY 
IT* I
GOTO 100
VP.1TE TO DISC.IM*lrt*l
READC 1 * IM) RM
CALL ASGCTEMPU 10, 10)
VRITECI•IM)RM 
CALL ASGCC UN EV*3#t>
CALL RETURN
READ MEASUREMENTS FROM DISC IF  RERUN.
L » I TO VMX+ 2+1M
READC t'L)RM
IH*IM*1
CALL RETURN
END
LISTING B . 1 0
C OVERLAY MEASF.F•
C CREATES MEASUREMENTS FROM DISC FOR USE IN SIMULATION.
C EXACT FORMULATION.
COMMON /CODF/l CODEC 16)
COMMON /DIM/N, IP, N, JR# INP, X I’M* I IMP# ITINP,NINP» I TUMP
COMMON /F IL/XEfTC 7 ,1 ), PHI < 7# 7),I1C3, 7), 2( 3, ))
COMMON /DUF/PMNfVt10* I ) , RMOLDC10#1>,RPOLOC10#I )
COMMON /CTL3/U4EVC 3, 1 ) ,  UOLDC 3* I >#UMAXC3* I)* VMINC3* 1),UF.C 3# 1) 
COMMON /MEAS/FA* FU# FC, TA,TB, T* TCI#TCO* CAl# CA 
COMMON /CON ST/VP,, VC, RH, A* E» RHQ, CP* R, CRTFC, CRTFCT 
COMMON /F.NG/11,12, RAMR* XO* XT
COMMON /ITS/1TOV,ITOVMX*I RUN*IRUMMX#ITER*ITERMX*1UARM 
COMMON /TIM/TEC2), TCC2), TCA, I TEC 4)#ITCC 4)
COMMON /REVR/I E l, I EC, IV I# I V2#NR|,NP2
COMMON /TEMP/TF.MP1C 10, 10>,TEMP2C l-C* 10) *TE1JP3C ?# 7)
COMMON /MI SCl/NINT# FT* TOLEST* TOLCTLC 3)*TOLGAX# TOLEGM 
COMMON /MISC2/CDT#IM*IFO1N7*NC# BETA#S1GC 3>*ACVC 3)#ACVOLDCD> 
COMMON /MI 5C3/SUMF.ST* SUMCON, ACTJ* BI ASC 3)
COMMON /MI SC5/DTC 3)* T0HNTC3)
DIMENS1ON RMC10#1)# RPC 10*1)
EQUl VALENCE C F.M* FA) # CRP* VR)
EXTERNAL MODEL,UARFC# UARFCT# EULINT#RKINT
SIMULATION.
READC 1»IM)RM
CALL EQUALCRPOLD, 10#I#HP#10*I# 10#1)
IF  CITOV.EQ.O) CALL RETUPJJ
OLD CONTROLS FIRST.
CALL ASGCC LOLD* 3* 1 >
CALL RASGCTEMP1*10*10)
DELAY-TEC I CODEC 13) )*TCC 1 CODEC 14>)+TCA
XF <I TOV.EQ.1-AMD.I CODEC 1 3 ).EG.2) DELAY®DELAY-TEC I CODEC I 3)> 
XT*0
IF  CICODEC 5 ).LT.O.AND. I CODEC 16).LT .P ) CALL PP.EDC TEMPI# 1 0#*l 0#
I TEMP 2, 10, 10*N* 1* DELAY,MODEL*UARFC#EULIMT* DTC 3) * TOLINTC 3) >
IF  CI CODEC 5) .LT. C • AND. 1 CODEC L 6) ♦ GT. 0) CALL PFEDCTEMPI* 10# 1 0, 
ITEMP2*10, 10#N#1*DELAY,MODEL,UARFC,RXXMT*DTC3)*TOLINTC3 ))
IF  CICODEC 5>.GT.0.AMD. I CODEC 16).LT.C ) CALL FREDC TEMPI* 1 0* 10# 
1TEMF2,10#10*N#1#DELAY#MODEL#UARFCT#EULIMT*DTC3)#TOLINTC3)>
IF  CICODEC 5 ). GT.0. AND. I CODEC 16). GT.O) CALL PPEDC TEMPI* 10* 10* 
1TEMP2* 10# 10*N# 1* DEL AY #110 DEL# UARFCT# RKINT# DTC 3) # TOLINTC 3>>
NEV CONTROLS NEXT.
IF  CIT. E Q .I) GOTO 200 
CALL ASGCC IN EV*3*1)
DELAY3FT-DELAY 
IT*!
GOTO 100
CORRUPT WITH PROCESS NOISE IF  NECESSARY.
IF  CICODEC8 ) .G T .0.OR.IVAFM .G T.O ) GOTO 250 
DO 225 J s 1 *N
XF CI CO DEC9)•EQ.1) X 0 «3.4641016*CRANCX I*1 2 )-.5 )
IF  C I CODEC 9 ) . EQ. 2) CALL RN D
IF <1 CODEC9 ) . EC.3) CALL ACVftRCNC*BETA#SIGCJ)#ACVCJ)*ACVOLDCJ)) IF CXC0DE(9>»N£»3) TEMP 1 C J* ! ) = TEMP I < J* I >♦ SX GC J  >*X0 
IF CI C0DEC9) .EQ. 3) TEMP 1 C J ,  1 ) 3 TEMP 1C J# 1 )♦ACV(J)
IF  ( I RUN. EQ. I )  TEMPKJ, 1)*TEMP1CJ* D-B IASCJ)
NC*NC*1
WRITE TO DISC.
XM I^MM
READC 1 * XM) PJM
CALL A5GCTEHP1*10*10)
VRITECI*IM)RM 
CALL ASGCC LNEV* 3, 1 >
CALL RETURN
READ MF.ASUREMEMTS FROM DISC IF  RERUN.
L*lTOVMX* 2*1M 
READCl*L)RM 
IM*1M*1 
CALL RETURN ©ID
OVFRLAY C0NTR2.
CALCULATES 4 IMPLEMENTS CONTROL.
PARAD1S-PERLMUTTER/L1M EAnISED REGULATORY CONTROL ONLY.
COMMON /CODE/I CODEC 16)
COMMON /DIM/N, IF,M,JP* INP, I I'M, I UMP# JT1NP,NINP# IT I  UMP 
COMMON /FIL/XESTC7* 1) # PHH 7# 7) , KC 3, 7> , ZC 3* 1)
COMMON /CTL3/WirTC3* l),UDLD(3, 1) * VMAXC 3* 1) * VMINC 3, l>*UEC3*l) 
COMMON /I TS/ 1 TOV, I TOVMX, I RUN, IPV1MX, I TER, I TERMX# I VARM 
COMMON /TIM/TEC2),TCC2)#TCA, ITEC 4>*1TCC A)
COMMON /TFMP/TEMPU 10, 10>,7EMP2C ID, 1C)# TEMP3C7* 7)
COMMON /M1SC4/EXPF, ICOl'NT* I VAL,I MI SS# ION* IREC 
COMMON /MI SC5/DTC 3 ) ,TOLINTC 3)
EXTERNAL MO DEL, L’ARFC, UARFCT* EULINT# RKINT
PREDICT FOR DELAY PERIOD.
CALL ASGCXEST#?*1)
CALL ASGCCWLD# 3# 1)
CALL RASGCTEMP1*10*10)
DELAY* TEC I CO DEC 1 3) >♦ TCU CODEC I 4) UTCA
IF < 1T0V. EQ.O.AND.I CODEC 13) . EQ.2) DELAY*DELAY-TEC I CODEC 13)) 
IF  CI CODEC 5 ).LT.C.AND.ICODEC 16).LT.P ) CALL PREUC TEMP 1, 10#10# 
1TEMP2, 10*1C,N* 1 ,DELAY,MODEL,UAPFC# EULIMT#DTC2>#TOLINTC2 ))
IF  CICODEC 5 ).LT.0.AND.ICODEC 1 6 ).GT.fl) CALL PPEDC TEMPI# 18, 10# 
1TEMP2, 10, 10,N* 1, DELAY, 110 DEL, UABFC, P.CIN7* DTC 2 ), TOLIMTC 2) )
IF  CICODEC 5) . GT.O. AMR. ICO DEC 16) . L T .O  CALL P^ECC TEMPI# 10# 10, 
1TEMPS,10, 10,N, 1*DELAY,MO DEL,UAFFCT#EULINT,DTC2)*TOLINTC2>> 
IF  CICODEC 5>. GT.O. AND. I CO DEC 16). GT.O) CALL PPEDC TEMP I# 10* 10, 
1TEMP2*10*I0 ,N ,1# DELAY*MODSL# UARFCT* PKINT#Dt<2)*TOLINTC2)>
COMPUTE EQUILIBRIUM STATES 4 CONTROLS.
CALL ASGtTEMPI#10#10)
CALL EQM
COMPUTE CONTROLS.
IMISS*0
IF i ICODEC12 ) .EC.3) CALL PPCTL
IF < C IMI S3. EQ. 1 .OR. 1 CODEC I 2) . EQ. I ) - AND. I CODEC I 6) .L T . 0)
1CALL REGCTLCEUL1NTX
XF C < I Ml SS. EG. 1 .0 R. I CODEC 12)•E Q .t)•AND.I CODEC 1 6 ).G T.0)
I CALL BEGCTLCPjUMT)
IMPLEMENT CONTPOL# CALCULATE TIME 4 PERFORMANCE INDEX.
XF CICODEC 1 ) .37. 0) CALL IMPLC UNEV* 3# 1)
CALL TIHCCITCC 3)#ITCC 4 ))
CALL DEL!X TC# TCCl>>
CALL RETURN 
©ID
LISTING B.13
C OVERLAY C0NTR3.
C CALCULATES 4 IMPLEMHITS CONTROL.
C PASIADIS-PF.HLM'TTER/fir.ETMLElN-LAPlDUS CONTROL OMLY.common /cnt>i/i codec ico
COMMON /DIM/N, I P, M, Jt:. IMP, n i l .  U W i ITJNP.tilMP, IT I  UMP 
COMMON /FIL/XESTC7, 11, Pill C 7. 71» H( 3, 71,1(3, I)
COMMON /CTL3/lXr--< 3. I J, laLDC 3. 1J . t'MAN< 3. I J . VMINC 3. 1 J, UEC 3. l> 
COMMON /I TS/1 TOV# I TO VMS. IR17J, I RUllHJC, ITER ,IT SRHX, IV'AHM 
COMMON /Ti:i/TFC31,TCCn, TCA, ITF.CA1, ITCCA)
COMMON /TEMP/TEMPI (10, ICIl.TFNPEC IB, I 0 J , TF?IP3< 7, 7)
COMMON /Ml r.C/l/EXPE, I COITJT, I VAL, IMI SS, ION, 1 "EC 
COMMON /HI SCS/ ETC 3 J , TO LIMT ( 3 J 
DIMENSION CMC IQ, I]
EOUI VALENCE CRM.FAl
EXTERNAL MODEL, VAPFC, UAP.FCT, EULINT,RKINT
C PREDICT FOR DELAY PERIOD.
CALL ASGCXEST, 7, I J
CALL ASGCCUOLD, 3, I J
CALL RASGCTEMP1,10,1BJ
DELAY-TEC I CODEC I 31 J*TCC I CO DEC 1AJJ*TCA
IF CITOV.EQ. C.AND. I CODEC I 3J.. E0.2J DFLAY# CFLAY-TEC I CODEC 13) J 
IF C I CODEC 5J.LT. 0 .AMD. 1 CODEC 16J.LT.OJ CALL P=EDC TEMP 1. 10, 1 B. 
ITEMP2, 1C, 10,N, I ,  DELAY, NO DEL, UARFC. EULI NT, DTC2J. TOLINTC 2 J J 
IF  CICODEC 51 .L T .B , AND. ICODEC 16J.GT.CJ CALL PP-EDC TEMP I, IB, IB. 
ITEMP2, 10, !0,N. 1, DELAY, HO DEL, UARFC, RKINT, DTC 2 J , TOLINTC 2> J 
IF  CICODEC 5J .GT.C.AND.ICODEC I6 J.LT .G ) CALL PEEDC TEMPI, 10, 10, 
] TEMP2, IB. IB.M, I ,  DELAY. MODEL, UARFCT, EULIMT, DTC 2 J ,  TOLINTC 2J J 
IF  C 1 CODEC SJ *GT. 0. AND. 1 CODEC 1 6 J > GT .C l CALL PEEDCTE1P 1. IB. 10, 
1TEMP2, IB, 10.N, I ,  DELAY, MODEL, UARFCT, PKINT, DTC 2 J , TOLINTC 2 J J
C COMPUTE EQUILIBRIUM STATES 4 CONTROLS.
CALL ASGCTEHPt,IB,IBJ 
CALL EQM
C COMPUTE CONTROLS.
1HISS»0
IF  CIC0DEC1S1.ES. AJ CALL PPCTL
IF  < CIMI SS. EC. 1 .OR. I CODEC 121 . EQ. 2 J .AMD. I CODEC I6 J.LT .0 J 
I CALL GLCTLC EVLINTJ
I F C C IMI SS. EC. 1 .OS. I CODEC I 2J . ES. 21 .AND. ICODEC 1 61 . GT.01 
1 CALL GLCTLCRKINTJ
C IMPLEMENT CONTROL, CALCULATE TIME A PERFORMANCE INDEX.
IF  CICODEC U .GT.OJ CALL IMPLCUNEU, 3, 1)
CALL T1MEC I TCC 31, ITCC AJ J 
CALL DELCITC,TCC111 
CALL RETURN 
END
LISTING B.14
C OVERLAY STORKT.
C STORES 4 DISPLAYS DATA -  KALMAN FORMULATIOM.
COMMON /MlSC4/EXPF* 1 COISIT*1VAL,IMISS#ION#IREC 
COMMON /CORE/RECC 30)
CALL STODKFCREC,IREC)
CALL RETURN 
END
LISTING B*15 c overlay storef.
C STORES 4 DISPLAYS DATA -  EXACT FORMULATION#
COMMON /MlSC«/EXPF*I COUNT*1VAL#I MlSS*ION*IPEC 
COMMON /CORE/RECC 30)
CALL STODEFC REG#IREC)
CALL RETURN 
EN D
LISTING B # l l  - ............-  *•—
C OVERLAY CONTRl.
C CALCULATES 4 IHPLD1ENTS CONTROL. *
C FIXED CONTROLS ONLY.
COMMON /CODE/I CODEC 16)
COMMON /CTL3/UMFU3. 1) , UOLDC 3# 1 )* UtlAXC3# 1) # UMtNC 3* !>*UEC3* 1) 
COMMON /MFAS/FA,FB»FC# TA* TB, T* TC I# TCO, CAl, CA 
COMMON /ITS/ITOV*ITOVMX#1 PUN*IPVNMX*ITEP*ITEPMX*I WARM 
COMMON /TIM/TEC2)*TG(21# TCA* I TEC 41 # I TCC 4)
COMMON /REUR/1El*IE2*IVI#IV2*NHl*NP2 
DIMENSION PMC 10*1)
EQUIVALENCE CRM*FA)
K*I TOV* 3
READC 1 • K ) RM
CALL RASGCCU7EU# 3* 1)
IF CICODEC 1 ).GT.O) CALL IMPLC UNEV* 3* I)
CALL TIMEClTCC 3)*ITCC4))
CALL DELC1TC#TCC!>)
CALL RETURN 
DID
3 7 2
LI STIMG S. IG
c rir* , 't ,»rt r«-r;-ir;.r MM-JVlt »>t‘l 5 I t'ICHI! l'»\TA.CO •! (V4 /r M * i n>! El ! :• >
/ in iK i .p  .M . jn . i v  # i "m* h  mr. * N rP fa U ir ir
com i »:j 7 . I >*i’H u  7 .7).n< 3. ?>#n 3, i>✓: s u /r: ltc ru>.:'ui.n
com.vi /vii.Q/i 4
CR!rn;i /KlL.r ' “3'l?. TW iP?. ?)* Vt .7* 3) 
co.Tiiiv / K i /t:>nivc Ufa t ) ► n r n .n  Ufa i) ," ro i.r<  Ufa i > 
ccm+im /r* i.i/rc i ?* 3> # n  i o. :»> * -“-c f! j . r* ? i?* nCOMM VJ /CILO/K'C! M # HI CC • 1 • -r-I iTl'AC M * 1 5 f,l 45
COMHJM 5. 1 > - 1 H.T ! 3* I fa UMAX!3# I ) # m  M« 3* 1>.*1EC3* I )Cim >n /nfaf/fa* Fl fa FC# Tr.# tp. t# tc i # tco. cai . ca comm*); /ra.i:iT/vn# vc# ru* a. r * rho* cr*# it* c».Trr# cmfct
COMMON /\ 'U./ I I # 1 fa riYUfa XO* XT
COMMON /I TF/ I TOV, I TO VMX* 5 KIM# ! PlTIHX# 1 Tr.!'* 1TFFMX* IVARM 
COM:*.ON /TIM/TEC 2> # TCC t')» TCA# 1T F l4)* 2TC< 4)
COMMON /F LVIV I F.l # I f tfa I VI # 1 V?# NR I * MFC?
COMMON /11T11VT1 MPI C 10# !l')*TU*r?< lffa JP)#TN*F3<7,7)COMMON /Ml SCI /N I NT* F T* T0LF3T# TCLCTLt ? > * TH.CAI , 1 OLF.CMCOMMON /MI SCR/C FT* Ufa I PO IN T * N C # I* LT A* El GC 3) * ACVl 3># ACVOLDC 3>COMMON /Ml SC 3/ fUMEfT# SUMCON* ACTJ* Dl ASl 3)COMMON AM 1 FC4/ EXFr # I COl"lT# I VAL* 1M1 £5* I ON# I TEC 
COMMON /MI EC'.*/DTC 3 > * TOL I NT C 3 >common /conydvtiyc wo >
COMMON /PtUON/IMAFK
DI MFNSION PM!10*l)*PF<10#I )  •
Dl MIN SION F.MFC Ufa 7 ) ,BIASES! SC* 7) * PPPAV! SC* 7) * PERI l 51!)
DI MEM £1 ON F.UCC 3V). DN CC 305 # ! FORM I 3b)
DIMENSION XEFTYFC 50#7>*TFVTYFC SO#7)#ZTYP(50# 3>*RPPTYPt5C* 7>
Dl MEN SI CN VTYFl SO* 3> # KECOF-D! 7)
COMFLEX SPA* FOP! 7)
LOGICAL Jl* J2ECUIVALSNCE (KM*FA)*(RP* VR>
EQUI VALENCE ( Dl ASSS* DUMMY)
DATA SPA/1 * I OX* X* X•/
DATA F0R/, C4X#I2*Xfa faX#X*X*Xfa faEOftlS.Sfafa EOO!2*5fa 
Ifa EC012,5*#faEP012.5'*»> */
C SET UP FILES ETC.
IF  C I ABS( I CODEC I ) ) . EC*1) ID=INP 
IF  CIAESCICODEl l> ). EQ.2) ID-IUMP 
• K -  I REC*2 
ITl-ITOVMX*I 
HI - I  P.EC*- 1
NR=lT)*Ml + ITl*Cf TINP+ID* 1)*2 
CALL SE7FILCI# * CMI5** I SI* ' SY*>
DEFINE FILE ICNP2*K* Ifa I V I )
CALL SETFIL!2* »FORM**XE2*'SY’ )
DFT INE FILE 2! 1 5* 35* U* I V2>
IF CID.EQ.O) GOTO 7
CALL SETFIL!3# * ICOV fa1 S3* * SYW>
DEFINE FILE 3! I D* 2# U* IV3)
CO S J= l* ID  
5 READ! 3* J  ) RFP!J#J>END FILE 3
7 CALL SETFIL! 3# 1 FUND* * X S3* * SY*.).
DEFINE FILE 3(MF#2#LfaIV3>
C COMPUTE 4 STORE AVERAGE & TYPICAL PROPERTIES.
C NULL STORAGE ARRAYS.
IF  CID.EQ.R) GOTO 8 
CALL NULL! F.PPAV* 7* 7* I D* I D>
8 CALL NULL!DIASES#50*7*I T 1#INP)
CALL NULL!P-MS# 53*7* 171# INP)
DO IB J -1 * IT l  
10 PERI!J)=0.
C COMPUTE.
L=S
IP.EC3-0
DO 110 I = 1#IPUI!1X 
ACTJ=0.
DO 110 J*  I * 1 TI 
L -LM
CALL REFILCHEC# IKEC.L)
C MODIFY £ PCJR. I TE RECORDS.
C STATES 4 PARAMETERS.
REC<1>*CEGC!P£C!1>>
RECC INP*-1) = CKGCCPSC! INP*-1 > )
IF  CICODE! 6) «QT. 1 ) GO TO 53 
RLC!2 )3REC(2 )*1.E3 
p.nc!i:ip*Q)»RSC( rir* ? )* i.£ 3  
GOTO 60 
SO EEC! 2) ■* DIGCl n EC! 2) >
P.EC! lNR*?) = n*Tr!"F.Ct IMP*2)»
RLC!3)*PECt3>* I*£3
REC< IMP* 3> =r.EC( IMP* 3) * 1 . E3
C linASUKtMlMTP.
60 IF C I CO DEC 7) .N S .2) RFC! ITINFM  > *DF.GC< "EC! I TINP* I ) >
IF  < ICODE!?) . FC. 3) FKCC I TlMP* I ) sRSC! I "t INP* I ) * 1 • F3
IF < ICODE.!?) • EC • 3»0 SI. I CO DF ( 7 ) • EC» 5 > REC( ITIN»'» 2> »"ECC I TINP* 2) k
I 1. E3
IF C 1 CODE! ?> • TO. 4»0R« I CODEC 7) • ES. 6) RKC! I T!NF>?>«
1 DEGCClvF.C! I T1NP* 2) )
IF < 1 CODE! 7) • EO. 6) RF.C! I TINP* 3) =RFC! I TINF* 3) * I . E3 
L I-IT IN P *  M
C COV ASH A’ICE.
L2*L1* ID
IF  ! ID. EO.O) GOTO 72 
DO 7C ;! - 1 # 11)
70 RSC! 1* 1 * K>« SORT! R.ECCL I +X ) )
72 IF  !IA2£!IC0DH!1>>.LC.2> GOTO 75
IF < 1 C3DF! 6) . EG* 1) RECCL l» 2 ) t-TECCL|*5)#1.E3
IF < !C0DE<6)«GT. I )  R.ECCL I * 3) sRECCL 1 * 3) « I . E3
GOTO 80
75 IF  CICODEC?) .EQ* 1 .OP. ICODEC 7 ). EC. 4) PEC! L I* 1 > = F.ECCL 1 * 1 > ♦ I * E3
C C0NTP0L5.(TCI SCALAR CONTROL ASSUMED).
80 HFC<LO+ 1 > = DEGC! RECtLP*-1))
C AVERAGE PROPERTIES.
CALL •nSFlLCRNRV* IREC*L)
DO 82 Kl**l# IMP 
82 XEST(K1* 1)«5.NEV(K WINP)
DO B4 X Is ! # JR 
84 UM E*J< XI * 1) = TN LV < KI ♦ I TI NP’ M * I D>
IF ( I  .ME. l.O r .J .N E . I )  GOTO 3 5 
CALL r.CUAL<RMNF.y* IC* i*s:»* 10# I# 13* 1)
CA1X A5G (XEST# 7 # 1 >
CALL COM 
05 IF C J .E Q .I) GOTO 86
CALL MATAS!XFST*7* l,S"E#2* 1 * TS3IP3* 7, 7*11* l* -l>CALL MAMULTCSfa 3# 3* TEMP3#7, 7.TEMPI# Ufa 10*N*N#I )
CALL MTF-C TEMR3* 7, 7, TEM: 2. IP* 1C*N* I >
CALL MAMUL T < T EM RP * Ufa 13* TSIPl# 10* in*TEMF3*7. 7* l#N» I)
ACTJ* ACTJ *TEMR3< 1,1)8 6 IF CJ.EQ. ITI) COTO 83
CALL MATAS! UI EV * 3, 1 * Vr * 3. 1 * Till? 3* 7* 7# JR# I # -  I )
CALL MAMILT! CR* 3* 3. TFM? ?# 7*7. TEMR1 # Ufa 13*JR* J P. 1)
CAl.L NT !*< TF3JR3# 7*7* TFMPP# Ufa Ufa.JF* I)CALL MAMULTC TDM PC* U* Ufa TEMPI* 13# 10* rEMP2# 7# 7# WJfa l>
ACTJ 3AC TJ* TF.MP3! 1*1)
88 RECCMI>*ACTJ
PER-1 !J)*PEFJ ( J ) * ACTJ 
D) 00 K=1*INPsuM»nr.c<x* i*jp) -f.eccx>
Bl ASSS! J . X > x 11 A 55.S ( J  * X ) * SUM 
90 RMC! J* X) *rilS(J #K )* SLvI» SUM
i r  !ID . E C .f) FJTO U32 
CO LM K rt .tD  
100 RFFAV! J*X) - TRPAVC J #X)♦ RECC lTI*Lfa!UK>
C S7&FE IF TTPlCAL-1B2 IT (l.Ni:. 1> ,1*1 TO 110
DC I!? r. I I  * I .  Ml 
I«!EC3--:RLC2+ I 
ICS Ur.XTLC 3* I PFC3) RFC! X 1)
11C CONTINUE x
C AVJ!*ai;» Hir*’LTS.lu .1«I . * Tl Pi ri (,u \ ).::i c j>/3 piumx 
IXI 1. A K-I* INF
HI A! 1 : I J*X) I 1 AFLSUfa % ) / IVWIMX 
ItHFC J #K > f».Ll t R.rtRf J , X ) /1 r !*.).>•;) 
l?0 IF t ( J .  l.l.fa 1 » .AND. I l l  ARStlCwD* [ J > ) .  «Vfa I • ANlfaK.GT.N) . Ofa
It  I APS! 1 c »rrc  1 i ).F 2 . r .  AND.K.r.7 *II!M) ) > Xr.RTUfa I>*!M5! 1*K)
IF C IP .IO .C ) GO 10 I up U) 130 K- I * ID 
130 nnv.ut j  .:•;)* upfavx j* k > /1 r.u.JMX
140 CONTINUE
SlVIi:ST*5VMF FT/ ! I TO VMX# I RIM MX)
SUM CAN -  SUN LON/1 I Tl •* I RVNNX )
C STORE IN)ORMATI0M«
IX) 175 Js 1. IT1 
DO 150 51" 1 * 1MF 
1 P.EC3-1 FECa* I 
X*BIASES!J# K)
IF  (K .GT.N) X-X/REC! INP*X>
ISA VT.I TEC3* 1 F.fX3)X
DO 162 X- 1 # IN?
IREC3-I EEC3* I 
X*RMS<J»K)
IF (K .GT.N) X-X/RECClNP+K)
160 VRITE!3*IRLC3)X
IF <10. EC. 0) GOTO 172 
DO 170 K -l* !0  
I REC3= I P.ECD*- 1 
X«=RFPAVCJ,K>
IF CIA»S! I CODE! 1 ) ) . EC. 1. ANtl.K. GT.M) X«X/FF.Ct INP*K)
IF  C IAB S! I CO DEC 1 ) > .  EC . 2. AND. K.. GT . IUM) X *K/ RECCM1NP* X-X IT!)
17C URITEC3' IRF.C3)X
172 I REC3=I R.EC3*-1
VR|TE!3*IREC3)RERI!J>
175 CONTINUE
IREC3=I REC3*-1
VR I TE! 3 * I EEC 3) ELM EST
I REC3=I F.EC3* 1
VRI TEC 3’ 1 P.EC3) 5UMC0N
C DEFINE TYPICAL PARAMETERS*
C ESTIMATES.
L*G
DO 230 J n I * I Tl
DO ISC K= I# INP
L=L+ 1
18e READ(3'L)XESTYPCJ,K>
C TRUE VALUES.
DO 190 K=1 *INP 
L=L* I
19G READ!3, L)TRUTYP!J*K)
C MEASUREMENTS.
DO 232 K* 1 *M 
L=L> 1
200 READ!3*L)ZTYP!J,K)
C COVAP-IANCE.
IF CID. EC.0) GOTO 21S 
DO 212 Kn I » 1 D .
L-L+ 1
210 REAS!3 *L) RFPTYP!J# X >
C CONTROLS.
215 DO 220 )<-xl*JR
L=L+ 1
222 READ! 3*L) UTYPC J#IO
LaL*-l 
230 CONTINUE
C NORMALISATION OF PAPAMETERS.
IF CIP.EC.C) GOTO 237 
L--M1 
L 1 *N* I
IF (IA n S !lC 0 D S (l)).E 0 .1 ) L2*ITINP*M*N*1 
IF (IADS! I CODE! 1 )) .  EC. 2) L2* ITI:IP*-MMVIW 1 
L4«I Tl NP *11* I C 
EO 235 «)31 # t TI 
L-L+Ml
EO 232 K*Ll#INP 
L3»L*K 
READ! 3*L 3) X 
Xs;</ TRUTYr < J  #K)
232 VJU IE ! 3*L 3)X
D) 234 K»L2,L4 
L3*L»,{
Rf*AO!3*L3>X
if  ( iAi : i  ic«>CE( m  . no. i > x *x /—>u"y p ! J , x - i t i :ip - m)
i r -( I APS! I co OS! D I.F .C .5 ) ?! •»X/TR‘*TYP< J# K- I TJNp)
234 Vr|TS.!3'L3>X
205 CONTINUE
C PRINT RESULTS.
237 D3 2*C- J-»l*|0
LIU Tr (6*240)
240 FORMAT!X)
250 CONTINUE
C HEADINGS.
RIA DC 2* 1 ) I FORM 
WRITE!6/ I FORM)
VRITE!6*240)
VIUTEC6# 260)
260 FORMAT! X, • EL FJiniTfa 4X 1 1 2 3 4 S 6 7 8  9 1 0 1 1 ! ?
I 13 14 15 16 *>
VRITr.CS* 2 70 ! I CODECI)* 1=1# 16)
270 FORMAT!X* *RtM CODE’ * 3X# I 6! I C#X>*/>
VP.J TK( 6* 3oC)N* I P* J  Jl 
280 FORMAT!X* 1 ?.*X# * STATE! S) ** SX* I2#X* • PARAMETEPC S) fa 5X* I 2*X#
1'C0NTF3L!S)'/ )
WRITE!6# 2>P)
290 FORMAT!X* PCX**EST!NATION * # 4X#•CONTROL * >
VR! TE! 6# 333) Sl'IEST# SUM COM- 
300 FORMATOfa 'AVERAGE ACTUAL TIMES fa 7X# F6» 2* 7X* F6.2*/>
IF ( 1ABS! I CO CR! * ) > • EC. 1 > VP.J TE! 6*310
310 FQPMATlX*' DIAGONAL**SX* ' STAT E* * ?X#’ CONTROL ** 5X* *"R0CES5fa3X*
I *miasurf. : >
I F ! 1 APS! 1 CODEC 1 ) ) • EC. ?) VP I TE! 0# 322 )
323 FORMAT! X# 'DIAGONAL'*':!# • STATE*# 7X# ' CONTROL fa fX* 'PPOCEC-S fa 2X*
I •"MF.ArURFMFNT"')
WHITE! 6. 330 >*
330 FORMAT( X# ' EL£M 1* TS1 * 5X# »VEl(5HTfa6X* * VEJGHT'* 7X* »N01 BEfa 7X#
I'N O IS E ')
C SET- IP RECORD.
DO 420 J~ 1 * 7 •
I a l
IF CJ.GT.N.OP. ICODE! 1 0 ).EC.2) GOTO 340 
RECOP.P! 1 >*$OCJ*J)
IF ((ICODE! 6>. EC. 1 . AND, J  . EC. 2) »0R* C ICODE! O -G T . I .AND.J.EO. 3 )) 
I RF COP.DC I > * RECORD! I ) / 1 . E6 
1*1*1 
GOTO 350 
340 I OP!3)3SFA
350 : r  (J .G T . IP.OF. I CODE! UM .FQ.2.0P. < | CORE! 12).NE. I .AMD.
1 • CODE! 12) *?.' F. 3) > SOTO 360 
RECORD! I >*C.U J . J )
1*1*1
3 7 3
GOTO 37 0 ■
368 F0RC4)®SPA
370 IF CJ.GT. I D.OP.CICODEC 1 0 ).EG. I.AND.XAB5CICODEC 1)>.NE.2>>
IGOTO 380 
RECOPDtt)-QCJ,J>
IF  C 1A3SC I CODEC 1 ) ) • EQ* 2) GOTO 375
IF C C I CODEC 6) . EQ. 1 >AND.J» E0*2) .OR.C ICODEC 6) . GT. 1 . AND.J . EG* 3) ) 
1 RECORD! I > *P.ECQRD< X i • 1. E6 
I - I  ♦ I 
GOTO 390
375 IF C CI CODEC7)* EC.1.OR.X CO DEC 7 ) .EQ.4)•AND*J. EQ.1)
1RECQRDC I >®RECQRDC I )♦ t •E6 I-1H 
QOTO 390 
380 FORC 5)■SPA
390 IF  CJ.GT.M) GOTO 400
RECORD!I)*RMN<J#J>
IF  C IADSCI CODEC I ) ) . EC. 2. AND. I CODEC 7) . EC. 2. AND. J  . EO. |)
I P.ECOP.DC I ) •RECORDC I )® I * E6
IF  (C l CO DEC 7 ). F.Q. 2 .on. 1 CODEC?) • EQ» 3.OP.* I CODEC 7) . EQ. 5) .AND. 
IJ .E Q .2 ) RECORDC I >®RECOPDC I ) * I « E6
IF  C I CODEC 7) • EQ. 6« AfJD.J. EQ. 3) RECORDC I )® RECOPDC X ) «  I • E6
IM M
GOTO 410
400 F0nC6)«£PA
410 IF  Ct.EO. |) GOTO 425
IM M
420 VRITEC 6,F0n>J, CRECORDCII ># I 1*1*1)
425 VRITEC6.240)
C DESIRF.D CONCENTRATION.
IF C I CODEC 6) • EG. I ) DC= SPEC 2. 1 ) * I • E3 
IF  C1 CODEC 6)j*NK. I ) DC® SPEC 3, I )* ) « E3 
IF  CICODEC IP) .EQ. 2) GOTO 435 
VRJTF.C6, 430 DC
430 FORMATCX# * DESI RED CQNCDJTRATION® ’ # F6.2# * GM0L/M3V)
C AVERAGE RESULTS.
435 VR1 TF.C 6. 440) IRINMX
440 FORMATCX,//, 2 IX, • AVERAGE RESULTS OF RUNSV)
IF  CICODEC 10) .EC.2) GOTO 455 
VRITEC6* 450)PERICXTI)
450 FORMATCX. •SUBOPTIMAL CONTROLLER PERFORMANCE INDEX® *# El 2.5/)
C AVERAGE BIASES.
455 IF  CICODECIB). E Q .I) GOTO 475
VRITEC6. 460)
460 FORMATCX,27X.’ AVERAGE BIAS’ )
READC 2*2) I FORM 
VRITEC 6, I FORM) 
R FA DC 2 * 3 ) IFO RM 
DO 470 J “ 1 ,IT1 
LCJ  - 1
470 VRITEC6 .IFORM)L,(3IASESC0,K)#K*I*INP)
VRITEC 6, 240)
C RMS ESTIMATION ERROR.
475 IF  CICODEC1 0 ).EC. 1) GOTO 505
VRITEC 6# 480)
400 FORMATCX,7X,'P.MS ESTIMATION ERROR’ # 18X* ’ AVERAGE FILTER
1 STANDARD DEVIATION’ )
READC 2* 4) I FORM 
VRITEC6#I FORM)
READC 2* 5> I FORM 
LI* I D-IP 
DO 490 J - l . I T l  
L=J-1
XF CLI.EQ.0) VRITEC6#IFORM)L#CKMSCJ,K)*K®1,N>
.490 IF  C Ll.N E.e) VRITEC 6# IFORJDL# CRMSC J#K)#K« 1#N) # CRPPAVC J# K ).K «l* L l 
VRITEC 6# 248)
VRITEC 6# 430)
READC 2* 6) IFORM 
VRITEC 6# I FORM)
READC 2*7) I FORM 
L 1*L 1 + 1 
L2*:ui
DO 500 J - l . I T l  
L « J - l
IF  CID.EQ.0) VRITEC6#IFOPM)L.<FMSCJ,X>,K*L2,INP)
500 IF  CID.NE.O) VRITEC 6# IFO?M>L# CRMS!J#X),K*L2, INP)#
ICRPPAVCJ#K)#K*L1#ID)
C RESULTS FROM TYPICAL RUN.
505 DO 510 J « l#  10
510 VRITEC 6.240)
VRITEC 6. 523)
520 FOP.MATCX# 23X#*RESULTS FROM TYPICAL RUN’/)
VRITEC 6. 530)
530 FORMATCX#I3X# »CONTROLS’ #25X,’MEASUREMENTS•)
READC2*8)IFORM 
VRITEC 6* I FORM)
READC 2 '9 ) I FORM 
DO 540 J®I# X TI 
L"J-1
540 VRITEC 6, XFORM)L#( UTYPCJ#K)#K"l.JR).C ZTYPC J ,  K) , K® l*M)
VRITEC 6, 240)
C STATE ESTIMATES# TRUE STATES.
VRITEC6, 550)
550 FORM/»TCX# 10X#’ STATE ESTIMATES’ #22X#’ TPUE STATES’ )
READC2’ I 0)1 FORM 
VRITEC6#IFORM)
READC 2* I DIFORM 
DO 560 J * I#1Tl 
L*J-1
IF  CICODF.C 10) .EQ. D  VPITEC 6. IFOPDL. CT^HTYPCj.iO.K® 1*N)
560 IF C ICODEC 10) .NE. t ) VRITEC 6. IF)PM)L,*XE£TYPCJ,K).K® |#N>#
1CTRUTYPCJ, <)#IC®1.N>
VRITEC6.240)
C STATE ESTIMATES# TRUE STATES.
V’!lT I’C Cu SS')
550 i\)»MATCN# 1*)X# • STATE ESTI11ATF5S22X# *TPUE STATES’ )
UFA in 2* i n u r o n  
VRITKC6.IFORM)
PKAL'C 2’ I I ) IFORM 
DO 560 J® 1# I Tl 
L »J -|
IF C I CODEC 10) .EC. D  VRITFC 6# IFOPm # CTRUTYPCJ, SO , K® 1#N)
560 IF < 1 CODEC 10).NF. 1) VRITF.C 6* I FOPM)L# (XEPTYPC J,K ),KM .N >#
ICTRUTYPCJ#*0#K»1#N)
VRITEC6.243)
C PARAMETER ESTIMATES# TRUE OR NOMINAL PARAMETERS.
IF  11 CODEC 10) • EQ. 1 ) GOTO 605 
VRITEC 6# 570)
570 FORMATCX,8X,’ PARAMETER ESTIMATES’ #I2X#’ TRUE OR NOMINAL
I PARAMETERS'>
READC 2’ 12) I FORM 
VRITEC 6, IFORM)
READC2’ 13)IFORM 
H*N* I
DO 530 J* 1# IT !
L® J - 1
£80 VRITEC G .I FORM)L.CXESTYPC J ,  K) ,K aH » INP)# CTRUTYPC J,X> #K®L| #INP)
VRITEC6,240)
C STANDARD DEVIATION.*
IF  (ID . EO.0) GOTO 60S 
VRITEC 6# 590)
590 FORMATCX.26X,’ STANDARD DEVIATION')
READC 2' 14) IFORM 
VRITEC6 ,IFOPM)
READC 2» I 5) IFORM 
DO 600 J® I # IT I  
L * J -1
600 VRITEC 6 ,IFORMJL,CRPPTYPCJ,K)#K®1#ID)
605 DO 6)0 J - ) . 10
61 e VRITEC 6, 240)
©ID FILE 1 
©ID FILE 2 
END FILE 3
C PINCH DATA.
C TYPICAL RESULTS FIRST.CALL SSVTCHC13 ,J )
XF C J.E Q .1) GOTO BOO 
J  I®.FALSE.
DO 620 J®l.Ml 
J2®.FALSE.
IF (J* EQ .1) J2 «. TRUE.
ILR*ITQV.MX*M1*J 
620 CALL PUNCKDC’ PU ID '.JI*  J2 .ILR .M 1 .J)
C ‘ AVERAGE PROPERTIES NEXT.
I END*1TI*M1
LI«STJNP*1D»I
DO 630 J®I#L1
ILR »I ©ID* Cl TO VMX*L 1) ♦ J
L®I END+J
630 CALL PUNCH DC ’ PUND'*J1#J2* XLR,L1#L)
C EXTRA PLOTTING FILE.
C DE5IRED CONCENTRATION# PARAMETER BASELINE.
NR-IT1*2
CALL SETFILCI**EXTR', IE1#’ SY»)
DEFINE FILE 1CNR#2# U# X VI )
DO 640 J* l# IT !
640 VRITECI»J)DC
L - I T U I  
X®1.
DO 650 J®L*NR 
650 VRITEC!’J )X
©ID FILE 1
CALL PIWCHDC *EXTR»#JI*J2#NP# 1# I)
C AVERAGE TIMES.
I ©IDaI ©JD+ CIT1*L1)♦1 1LR®1E1D* 1 JI®.TRUE-
CALL PUNCH DC • PUJ D’ * J 1# J2# ILP., 1,1 ©ID)
C RESTART ©ITIRE SERIES?
800 CALL SSVTCHCXMARX,J)
IF <J «  EQ*2) GOTO 900 
CALL AMYMORC I MARK)
CALL RINC’ INIT*)
LISTING B.I7SUBROUTINE AlGCr.lDl.ID2)
C ASSIGNS STATES £ rATAMFTt.RS*
COMMON /.M KA£/KA# FR. FC. TA. TH, T , TCI# TCO. CAl , CA 
COMMON /COMST/VR.Vr* CM, A. E, 1*110# CP, U# CPTFC# CRTFCT 
DI MRI 51 ON SC I Dt# IDS)
T**SC ». I )
CA® SC Pt 1>
CRTFC® 5C 3# 1)
E «S (4 .I)
RETURN ©ID '
LISTING B.18
SUBROUTINE RASGC S* 1 Dl. I D2)
C REASSIGNS STATES S. PARAMETERS.
common /mf.as/f a , f p , fc . ta . tb #t . tc; i . tc o . c a i*ca 
COMMON /CONST/VR, VC#DH,A, E.FHO# CP.S.CRTFC,CRTFCT 
Dl MCI SI ON SCID1.XD2)
SC 1#I)®T 
SC 2 ,I>®TCO 
SC 3 . l)° C A .
SC 4,1)«CRTFC 
SI 5, 1 )*E 
RETURN 
END
LISTING B® 1 9
SUBROUTINE; ASGCC U#ID1#ID2)
C ASSIGNS CONTROLS.
COMMON /MEAS/FA,FB,FC,TA, TB, T,TCI# TCO,CAl#CA 
COMMON /CON ST/VS#VC# EH* A* £* PHO# CP, R# CRTFC. CRTFCT 
DIMENSION UC1D1.ID2)
TCI“U( 1*1)
RETURN
END
LISTING B#20
SUBROUTINE RASGCCU* I Dl # X E2>
C REASSIGNS CONTROLS.
COMMON /MEAS/FA,FB,FC. TA, TB,T,TC I * TCO.CAl# CA 
COMMON /CONST/VR*VC,DH,A*E.RHO.CP*R*CRTFC#CRTFCT 
DlMCI SION U (ID l* ID2)
UC1#1)®TCX 
RETURN 
. „ fclD
LISTING B-21
SUSROUTIN E MO DELC S ,ID l#ID2* SDOT*ID3*104# NI# M2, SUB)
C 3-D MODEL. . .
C SUB IS SUBROUTINE TO CALCULATE UAR.
COMMON /MEAS/FA,FE, FC, TA. TB*T*TCI#TCO.CAl,CA 
COMMON /CON ST/VR, VC. CH, A, E, RHO, CP, R# CRTFC, CP.TFCT 
DIMENSION SCID1# ID2>#SDOTCID3* XD4)
T*SC 1*1)
TC0-SC2,1)
CA® SC 3# I )
CALL SUDCUAR)
F**FA»FB
UARDT®(T-C TCO* TCI>/2.>*UAR 
EX*A®EXP( -E/(P.*T) )
HEAT*CH*EC*CA®CA/(PJ10®CP)
SDOTC1, I )* 1FA*TA’ FD®TI>F®T>/VP-HEAT-UAPDT/CPHQ*VR*CP) 
SDOTC2 ,1)«2.®CFC*CTC1-TCO)/VC’ UARDT/CPHO*VC*CP>)
SDO TC 3. 1) ® ( FA* CA I -F  • CA) /VP.- EX® CA® CA
RETURN©ID
374
LISTING EU22
SW inilTM F Jftntcr-JACK# I DU 1 DP, I C, IMF'S# 1113, I mw IDS)
C HU'VIIH.C JACOl'lAN JL HESSIAN IT RUCU1RED#
C I C * I ST ATI. S ONLY*
C JP»D STATES ♦ PAHAMLTERS.
C IC*n CONTROLS
C I C*4 STATUS, PARAMETERS * ItKSSI AN.
COMMON /DIM/N# I P.M# .IR# INP, I HM# I n r .  ITINP.NINP# IT1UMP 
COMMON /Hl’A.VFAi KD# FC* TA# TR# T# TCI # 7C0. CAT . CA 
COMMON /CON ST/VR, VC, P!l# A* F, RHO, CP,P.CRTFC# CRTFCT 
DIM KM 51 ON RJACK! I DI, I DC), nil ESS! I DD, 104, IDS)
CALL UARFC!UAR)
F-FA+FD
KT®K*TRHOCP«RHO*CP
UAMDT*! T - ( TCO * TC I>/2 .>• UAR 
EX*A*EXP!-E/RT>
HEAT* Dll* ETC® CA® CA/RHOCP 
ER=E/! RT*T)
IF  CI C« EQ*3) GOTO 100
C STATES. V
RJACK!1 ,l ) “ -F/VR-HEAT*ER-UAR/CRHOCP*VR>
RJACKCC,l)“2.*UAP/!RH0CP*VC>
RJACKC 3#1) “ - CA* CA* EX* ER 
RJACK!U2)*UAn/(2.*RH0CP*VR>
RJACKC2* 2) “-RJACKC 2,1>/2.-2.*FC/VC 
RJACX\3,2>“0.
RJACKCU3)**-2.*tM* EX*CA/RHOCP 
RJACKC 2# 3>“0. ,
RJACK! 3# 3>“ -F/VR-g,*CA*D<IF !IC.EQ. 1) RETURN
C PARAMETERS.
RJACK!1#4)=UAR*UARDT/!EH0CP*VR>
RJ ACK C 2# 4 ) ® -  2. • UAR® UARDT/(RHO CP® VC>
RJACKC 3, 4) «0 .
RJ ACK ! 1,  5) “H EAT/ RT 
RJACK!2, 5>“0.
RJACK!3# S)“EX® CA*CA/RT 
IF ! 1C. EC.2) RETURN 
GOTO 2C0
C CONTROLS.
100 RJACK!1,1)«UAR/( 2.®RH0CP*VR)
RJACK!2 ,1 )®2.* FC/VC-UAR/!RHOCP*VC)
RJACK!3 ,1)*0.
RETURN
C NULL HESSIAN.
200 DO 300 1 -1 .N
DO 300 J«1.XNP 
DO 300 K -l.IN P  
300 RHE55!X.J,K)®0.
C CORE ELEMENTS.
RHESSt1 ,1 ,t ) “ -EP*KEA7*(ER-2./T>
RHESS! 1,3. 1 ) “ -2.® ER-HEAT/CA 
RHESS! 3# I ,  l)*PJACK!3, !)*CER-2./T)
RHESS! 3, 3, l> “2. *EJACK! 3, D/CA 
RHESS! 1, 1,3>«RHES£C 1,3, 1)
RHESS! 1,3, 3) “ RJACK! 1 ,3)/CA 
RHESS!3 ,I,3>«EH ESS!3 ,3,1)
RHESS! 3, 3, 3>*-2.*EX
C PAP.AMETER EXTENSIONS.
RHESS! 1,4, t)-UAR*UAR/CFHOCP*VR>
RHESS! 2, 4, t)*-UAR-PJACKC2, 1)
RHESS! 1,4, 2 )“- UAR®RJACK! 1,2)
RHESS! 2, 4, 2) “UAR*RJACKC 2, 1 )/2.
RHESS! 1,4# 4 )--2 .® UAR-RJACK! 1.4)
RHESS! 2, 4.4)*-2.®UAR*PJACKC2,4)
RHESS! I ,  l,4)*rKESSC 1,4, |>
RHESS! 2, I , 4> “RHESS(2, 4, 1)
RHESS! 1,2. 4) “P.HESS! 1,4,2)
RHESS! 2, 2, 4 )“ RHESS!2, 4, 2)
RHESS! I ,  5, 1)“HEAT*ER*! l./ P T -l./ E )
RHESS! 3, 5, 1 >“ RJACK! 3, 1) •! 1 */E-l./P.T)
RHESS! 1, 5, 3 )“ -PJAC!C1.3)/PT 
RHESS! 3, 5, 3> *2. • RJACKC 3 ,5)/CA 
RHESS!I,1 ,5 )“PH ESS!1 ,S .1)
RHESS! Is 3, 5)“ P.HECCC 1,5,3)
RHESS! I , S, 5 )“ -RJACKC 1. 5>/RT 
RHESS! 3, 1. si-ntKr.sco, S. I)
, . RHESS! 3, 3, 5>®PHESSC3, 5,3)
RHESS! 3, 5* 5>--RJACK!3, SI/RT
RETURN
EID
LISTING B . 2 3
SUBROUTINE D F L (l.T )
C COMPUTES SLAPSED TIME.
DIMENSION I ! 4)
START-I!1)*32769.0®I!2>
FINISM“J !3)*32766.0+1!4)
T-CFINISH-STAPT)/SO.
• RETURN END
LISTING B . 2 4
SUBROUTINE FORINT! I TIME)
C INTERRUPT ROUTINE FOR REAL TIME APPLICATIONS.
COMMON /CODE/1 CODEC 16)
COMMON /P.tT/RMNEV! 10# lUP.NOLD! 10, D.PPOLD! 10, 1)
COMMON /CTLl/SC!3 ,3),CR!3# 3 ) .SPCC5 ) ,SPEC 3, I)
COMMON /CTL2/RPC!5)#RlC<5 ) ,RIMTEGCS),ISP(4)
COMMON /C TL 3/ LU EV.'! 3# I )# UOLD! 3# 1) # UMAX! 3. 1), UMIN! 3, 1), UE! 3, I )  
COMMON /MEAS/FA# FD.FC. TA. TP*T*TCI,TCO,CAI*CA 
COMMOM /CON ST/VR.VC,DH# A# F# RHO# CP.R,CFTFC, CPTFCT 
COMMON /I TS/I TOV, I TOVTlX, 1 RUN, IRUNMX. ITER# 1 TERMX# 1 VAPM 
COMMON /MISC2/CCT,IM,1POINT# MC,BETA#SIGI 3>, ACV!3 ) ,AC VOLD!3) 
COMMON /MISC4/EXPF#ICOUNT.IVAL,1MISS.ION,IREC 
DIMENSION PMC 1 0 ,1 ),IMP!4 ) , I BUF!1 2 ),IAC4)
E0U1 VALENCE CRM,FA)
C ADVANCE COUNTER 1 SAMPLE VIA ADC.
X COUNT-1 COUNT* I 
I SC-0
CALL ADCOdSC, 12.IBUF)
50 IF  CISC) 100,50,50
100 IM R!I)*1BUF!5)
XMR(2)-1 B IT! 6)
IMR!3)*IBUF!3)
XMR!4 )®i BUF(4 )
C APPLY ANALOG CA CONTROL IF  NECESSARY.
IF CICODEC 12).NE. 6.0B.IVAEM.GE.O) GOTO 125 
C0NC*C3 i ! I ELT ( 2 ), I BUF! I D )
IF Cl CODEC 6 ).E Q .1) ERROR-CONC-SPEC2 , I)
IF  C 1 CODEC 6) .HE. 1) ERF.OP.*C0NC-SPEC 3, I)
ERFOR“P.PCC 5) « EP.ROP.
RINTEG!5)-HINTEG<S>♦ERROR*CDT*RIC(5>
IF ! RINTEG! 5) .GT. UMAX! I# 1) ) RIMTEGC 5) “UMAX! 1, I )
IF  (RIMTEGC 5>.LT.UMIN< 1, l>> P1NTEGC5)®V M IU !U I>
ERROR® EP.ROR® PINTEG ( 5)
IF  <ERROP.GT.UMAX! 1, D )  ERPOP.*VMAX( I ,  1)
. I F  C ERROR.LT. LMIN! 1, D )  ERPOR*UMIN! I ,  I)
IS P !2 )“ I AO5t EP.ROP.)
C APPLY SUPEPVISORY CONTROL TO 4 LOOPS.
125 DO 150 J* 1, 4
150 CALL PI CTL! P.PCC J  >,RIC!J> , IS P (J ) .  IMR( J ) * COT, RIMTEGC J )  # I AC J  ) >
CALL M ODCTL!IA!I), IA!2>)
CALL DACOC0, 4 ,1A)
C REFRESH MEASUREMENT BUFFER IF NECESSARY.
IF U  COUNT.ME. I VAL) RETURN
IF (ICODE! 1C) . EQ-6.AND. IWAPM.LT.O) UNEV! 1, 1) *ERPOP 
RMC1,1)*F02(1BUF!3))
RMC2#I)«FQ3(IEVFC4))
RMC 3# 1>*F04!IBLT!5>>
RM!4#1)* T07! IBUF!0 ))
RM( 5# 1) *T08 CI BUY! 9) >
RM!6#1)«T15B(IBITCI))
RM!7, |>*T0 5(It!LT!6) >
RM!&# n*T06!IBLT!7)>
BMC9, I >*.2
RM! 10# I ) ®C01 ( I BUT! 2) , I BUF! I D )
IF (IVARM.GT.0) RETURN
C EXPON EITl Al.LY FILTER SELECTED MF.ASUP EM ENTS.
ION-ION*1
IF (IO N .E 0 .1) RETURN 
DO 200 JM .7  
IF C J.E C .t) GOTO 200
RM! J# 1) “R.MOLO! J ,  I ) * EXPF*!PM!J, D-PMOLOCJ, I )  )
200 CONTINUE
RETURN IMD
LISTING B*2 5
5UDROUTINE FRED! S# I DI . I D2, SDOT, X D3, I D4, N I ,N2, DELAY* DEPI V, Sl»D 
1#INTEG# DTLTAT#TOL)
C PREDICTS FOR DELAY PERIOD.
DIMENSION SC XD1, I DC). 5D0TUD3, ID4>
T« DELAY 
IO IF  (T .LE .TO L) RETURN
T-T-DELTAT 
IF  C T.LE .0 .) GOTO 20
CALL INTEGCS, I D1.ID2# SDOT, ID3# 1D4,Ml,N2, DELTAT, DERI V, SUB) 
GOTO 10 
20 T-T*DELTAT
CALL IMTEGCS, IDUID2.SD0T.ID3* ID4,NUM2#T, DERI V, SUB)
RETURN
END
LISTING B.26
SUBROUTINE DERI VI ! S# I DI, I D2, SDOT# X D3,1D4.H1.N2. SUB)
C PROVIDES DERIVATIVE OF. MATRIX FOP. PREDICTION 4 TRANSITION
C MATRIX CALCULATION.
COMMON /DIH/N#IP# M#JR.INP,IUM#IUMP#1TINP,NIMP,ITIUMP 
COMMON /CORE/DUMMY!350).RJACKC3,7)
DIMENSION SCID1.ID2)# SCQTOD3* ID4) * RHESS! 3# 7, 7)
EQUIVALENCE (RHESS* DUMMY! I > )
CALL MODEL! S* 1 DI # 1 D2* SDOT# I D3# I D4# N# l.SUB)
CALL JACK! RJACK* 3, 7, 2* RHESS# 3, 7. 7)
DO 50 J  1® 1 #N2 
DO 50 K1® 1 ,N2 
SDOT!J1+N*KI)“ 0.
IF  (J l .G T .N )  GOTO SO 
DO 50 I l “ i,N2
SDOT! J  1®N* K1 ) “ SDOT! J  U N .K l UPJACKC J  1 ,X l)* S (l  1 + N* K1>
50 CONTINUE
RETURN 
END
LISTING B*27
SUEROUT1ME DERI V2 C S# I DU ID2# SDOT,ID3,ID4.N1,M2, SUB)
C PROVIDES DERIVATIVE OF MATRIX FOP. PREDICTION A COVARIANCE
C UPDATE.
C SECOND. ORDER ORDINARY FORMULATION.
COMMOM /CODE/I CODEC 16)
COMMON /DIM/N*IP.M,JR. INF,IVM,IUMP,ITINP.NINP,ITIUMP 
COMMON /FIL/XEST!7, I ) ,  PH1 (7 ,7>*HC3* 7>*Z<3,I)
COMMOM /FILO/RPP! 7* 7 ), C! 7, 7 ), F.MUC 3* 3)
COMMON /FILS/SP!7.7 > ,U!7,7 >, V! 3,3)
COMMOM /COPE/DUMMY!500)
DIMENS J ON SC I D I,  I D2) .  SDOT! I D3* ID4) * RJACK! 3# 7 ), RHESS(3, 7, 7) 
EQUIVALENCE ( RHESS, DUMMY! 351) >
CALL MO DEL! S* IDI.ID2# SDOT, ID3 .IB4 .N . l.SUB)
CALL JACXCRJACK, 3.7. 4, PH ESS, 3.7, 7)
C PREPARATION FOR INTEGRATION.LI*M*1
DO 50 J1-L1.N1 
DO 50 K1-1.N2 
50 R P P!J1 -N ,K I)«S !J1 ,K 1)
C COVARIANCE EOUATION INTEGRATION.
CALL NULL! U, 7, 7.N2.M2)
CALL MAMULT! PJACK# 3*7*PPP,7,7# U. 7, 7.N.N2.N2)
CALL NULL!PH 1 ,7.7.N2.N2)
CALL MTR!nJACK# 3# 7. SP, 7 ,7 ,N.N2)
CALL MAMVLT( PPP# 7,7, SP.7 ,7 ,PHI, 7 , 7,N2,N2,N>
CALL MATA3! U#*7* 7# FKI *7* 7#SP* 7* 7.N2.N2. 1)
DO 100 J l - L I .N l  
DO 100 K1«1,N2 
100 SD0TC J1 .K I)*SP!Jl-N .K l)
C CALCULATION 2 ADDITION OF BIASES.
DO 300 I “ l.N  
SUM«0.
DO 25P J I - I .N 2  
DO 250 KI-1.N2 
250 5UI1“ SUM® DPP! J 1#K 1 URHESS! X .J l.K I )
303 SDOT!I, I)* S L O T !I ,1>►SUM/2.
RETURN
END
LISTING B»28
SUBROUTINE DF.ni V3CS, ID1* 1DP* SrOT# ID3* I D4.NI*N2, SUB)
C PR0VIUK5 DERIVATIVE OF MATRIX FOR PREDICTION J COVARIANCE
C UPDATE.
C SECOND ORDER SQUARE ROOT FORMULATION.
COMMON /COUE/I CODE! 16)
COMMON /DI M/ll * I P. M, J n, INP, 1 VM. I UMP, ITIMP, NI HP. I TI UMP 
COMMON /FIL/XEST! 7# I ) ,  n i l ! ? ,  7), II! 3, 7>,Z( 3, I)
COMMON /FILO/RPP!7, 7 ), P< 7, 7),r.MM! 3, 3)
COMMON /FIL5/ SP! 7, 7 ) .  V! 7, 7>, V! 3, 3)
COMMON /CORE/DUMMY!500)
DIMENSION S( t DU I D2), SDOT! I D3# IDA ), "JACK! 3. 7 ) ,RHESS! 3, 7, 7) 
DIMFNS10M STR! 7, 7)
EQUIVALENCE (RHESS* DUMMY! 351))
CALL MODEL! 5# I DI, I D2# SDOT# I D3* ID4.N, l.SUB)
CALL JACK! RJACK, 3# 7, 4, PllESS* 3*7* 7)
C PREPARATION FOR INTEGRATION*LI*N® I
DO 50 J  I “L1,NI 
DO 50 K1*UN2
IF (K I.G T . (J l -H )>  SCJ UK t ) “ 0#
50 5P<J l -N .K l >-S< J U K I >
375
c C0VATI1/VJCE EQUATION INTEGRATION.'
CALL tllNVKTl SP. 7. 7. STR. 7. 7.N2)
CALL CALXACFIII .7/7. STR.HJACKl 
CALL HTR« STR, 7. 1. BPPi 7.7.N2.U2)
CALL MAMULTC PHI *7.7. PPP> 7.7# STR# 7. 7# IIP* M2* *12)
CALL NULLtF.FP.7.7*NS.N2>
CALL MAMULTC FJACK. 3.7. SP. 7.7.P-PP. 7,7*IJ*N2*H2>
CALL MATASC. BPP* 7. 7. STR. 7. 7.PH1. 7. 7* M2* M2* 1 >
DO IOO d l -L I .N I  
’ DO 100 KI ■ 1 * II2
IDS SDOTCdl*Kl>"Plll(Jl»N*Kt>
C SOUARE FOR DIAS CALCULATION.
CALL MTRC SP. 7* 7. STR. 7.7.N2.N21
CALL MAMULTC SP. 7. 7. STR. 7. 7. RPF. 7. 7*tl2*N2*N2>
C CALCULATION I ADDITION OF BIASES.
. DO 300 1»1*N
SUH-O.
DO 2SO J1-1.N2
DO 2SO K1«I*M2 1
250 SUM* SUH+RPPC J  l*Kl )»RHESSC 1.0 I.K  1 >
300 SDOTtl,1> = SD0TCI.IJ*SUM/2.
RETURN
END
LISTING B.29
SUBROUTINE EEF.1VCCS. I D l.  ID2. SDOT. ID3. JD4»N1,N2. SUB>
C PROVIDES DERIVATIVE OF MATRIX FOR TRANSITION MATRIX
C CALCULATION.
COMMON /CORE/ DUMMYt 3S0 > . RJACXC 3. 7)
DIMENSION S( I Dt. I D2>. SDOTIID3. IDA)
CALL MAMULTC RJACX* 3 .7. S. ID1. ID2. SD0T.ID3. I D4.N1.NI.N1>'
RETURN
END
LISTING B.30
SUBP.OUTIME CQVUPC RFM, I D>
C UPDATES CO VARIANCE.
C ORDINARY FORMULATION.
COMMON /FIL/XESTC7,1) , PHI C 7# 7) ,H ( 3# 7)* ZC 3,1)
COMMON /FIL0/PPPC7*7)*C(7,7>#RMNC3#3)
COMMON /TEMP/TEMPIC10/10)*TEMP2C10,Ifl)* TEMP3C ?, 7> 
DIMENSION P.PMC7# 7)
CALL MTRCPHI#7,7*TEMPI, 10, 10.ID, ID)
CALL MAMULTCRPP, 7,7#TEMPI* 10, 10,TEMPS* 10, IP# ID, ID# ID) 
CALL MAMULTC Pill *7# 7* TEMP2* 10, 10* TE1F3, 7* 7* IO# I D, ID) 
CALL MATASC TEMP3, 7, 7# Q, 7# 7#F.PM* 7# 7* ID, ID, 1)
RETURN ' .
END
ALTERNATIVE CALCULATION OF COVARIANCE.
CALL MTRCTEMPI, IP,10,7EMP2,10,10*INP,INP)
CALL M AMULT C RPM S* 7# 7 ,TEMP?# IP, 10.TEMP3, 7*7, IMP, INP# INP)
CALL HAMULTCTEMPI*10,1P,TEMP3,7 ,7.TEMP2,10. 10, INP, INP, HIP) 
CALL MTRCOAIN, 7, 3 ,T f:iF i, 10, 10, INP,MD)
IF CICODEC 11).LT. 0) CALL MAMULT<RMN. 3. 3, TEMPI, 10, 10. TEMPS, 
!7,?,11D,MD, INP)
IF CICODEC lk ) .  GT.O) CALL SCMULTC TEMP 1> 10, 10* PMNCJ, J ) ,  TEMPO, 
17, 7, MD, INP)
CALL MAMl*LTCGAIN, 7, 3, TFMP3, 7, 7 ,TEMPI, 10, 10, INP,MD, INP)
CALL MATASC TEMPS, 12, 10,TEMPI, 10, I 0 ,RPP,7 ,7 ,IMP*INP, I)
IF  CICODEC 1 1 ) .L T .O ) GOTO 100 
CALL EQUALCXEST#?*J*XP*7,I*INP*I)
CALL EQUALC P.PP# 7* 7* RPMS* 7# 7# INP* INP)
CONTINUE
RETURN
END
LISTING B® 33
SUBROUTINE COGASCSM.XP)
RETURNS ESTIMATE I COVARIANCE.
SEQUENTIAL PROCESSING.
KALMAN SQUARE ROOT FORMULATION.
COMMON /CODE/I CODEC 16)
COMMON /DIM/N, IP,M, JP., INP.IUM, I UMP* ITINP*NINP, 1TIUMP 
COMMON /FIL/XESTC7*1) , PHIC7*7)*H<3#7>*ZO, I)
COMMON /FiLS/SP(7,7)*UC7#7)#V(3#3>
COMMON /T©IP/TEMPI C 1 3, 10)*TEMP2C 10, 10>,TEMP3C7# 7) 
COMMON /CORE/DUMMY<332),GAINC7 ,3 ) ,CC3#7),SMS(7#7>, 
1FC 3, 3>*G(3,7)*Ll*K*Jl,Kl 
DIMENSION SMC7*7)*XP<7, I)
BEGIN.
CALL EQUALC SM, 7# 7* SMS,7 ,7 ,XNP#INP)
Ll-XNP+1 
DO 100 J* 1 ,M 
DO 10 K® 1, INP 
CC 1*K)»HCJ*K)
PACK MATRIX FOR TRANSFORMATION.
CALL MTRC SMS,7 ,7 ,TEMPI * 10,10,XNP*INP)
CALL MTRCC, 3,7, TEMF2*10*10, I*IMP)
CALL HAMULTCTEMPI*10.10.TEMP2,10,10 ,TEMPS,7 ,7 .INP,IMP#1> 
DO 20 J 1®I#L1 
DO 20 K!®1,L1
IF  CJI.EO. UAND.KI .EQ. 1) TEMP2CJ 1*K 1 )"VCJ,J>
IF  C Jl.G T. l.AM D.Ki.EQ. 1 > TSMF2CJ 1 ,K D 3TEMP3C J  I *• I #K I >
IF  C JI.EO. l.A N D .K i.G T .l) TE1P2C J  I ,K D  = 0.
XF C Jl.G T. I.AND.K1.GT.1) TEMF2CJ l ,K D c TEMPI ( J l -  I ,K 1 -1 >
LISTING B.31
SUBROUTINE COVUPSCSM.ID) *
C UPDATES COVARIANCE.
C SQUARE ROOT FORMULATION.
COMMON /FIL/XESTC 7*1),PHIC7*7)*HC3 ,7>*Z<3, 1)
COMMON /FILS/SPC 7. 7) * UC7. 7 ), VC 3,3)
COMMON /TEMP/TEMPI C 10, 10)* TEMP2C 10# IC)#TEMP3C 7# 7)
Dl ME?J SI ON SMC7#7),TRANC 14*7)
EQUIVALENCE (TRAN# TEMP2)
CALL MTRC PHI, 7# 7* TEMPI, 10, 10# ID, ID)
CALL MTRC SP,7# 7, TEMP2#10* JC,XD*1D)
CALL HAMULTC TEMP2# ie* 10,TE1P1* IG, 10* TEMPO, 7. 7# ID. ID , ID)
CALL MTRC U# 7, 7. TEMPI, 10. 10, ID# ID)
C PACK MATRIX FOR TRANSFORMATION.
L*2*ID 
DO 10 JI*1#L 
DO 10 K lKI* 2 D
IF  CJ1.LE.1D) TRANCJ!#X 1 )®TEMP3CJ1#K1)
10 IF  C Jl.G T . XD) TRANICJ1*K1)»TEMP1CJI-ID*K1)
C TRANSFORM.
CALL HHACTRAN*I 4*7*L*ID)
C UNPACK RESULTS.
DO 20 J131* ID 
DO 20 KI®1#XD 
20 SMC K 1 # J 1 )®TPANC J  1*K1)
RETURN
END
LISTING B®32
SUBROUTIME COGAOC RPM.XP)
C P.ETUPZJS ESTIMATE * COVARIANCE.
C SIMULTANEOUS OR SEQUENTIAL PROCESSING.
C KALMAN ORDINARY FORMULATION.
COMMON /CODE/I CODEC 16)
COMMON /DIM/N# IP.M, JR . INP# X UM* I UMP* ITINP,MXNP* ITXUMP 
COMMON /FIL/XESTC7#1)* PHIC 7 ,7>*HC 3 ,7>#ZC 3#1)
COMMON /FILO/F.PPC 7# 7) , QC7* 7 ) ,RMNC3, 3)
„ COMMON /TE1P/TEMP1C 10# 10)*TEMP2C 10, I0>* TEMP3C 7# 7)
COMMON /CORE/GAINC 7, 3>, IP.C3>,MD,M1 ,CC3,7), RPMSC 7# 7)
DIM©!SI ON RFMC 7, 7)#XPC 7, 1)
C CHECK FOR SIMULTANEOUS OR SEQUENTIAL PP0CESS1NG.
IF  CICODEC 11).LT .O ) MD-M 
IF  CICODEC 11).LT .O ) 111*1 
IF  CICODEC 11) .G T .0 ) MD® 1 
IF  CICODEC U )  •GT.O) M1«M 
CALL EQUALC RPM* 7,7# RPMS# 7* 7#INP# XNP)
DO 100 J * I# M1
IF C I CODEC 11). LT.O ) CALL ECUALCH* 3. 7# C, 3* 7#MD# XNP)
IF CXCQDF.C I D .L T .0 > GOTO 20
DO 10 K®I,INP 
10 CC1*K)«HCJ#K>
C CALCULATION OF GAIN.
20 CALL MTRCC# 3*7* TEMPI# 10, lO*MD,i:iP>
CALL MAMULTC PPMS,7 ,7 ,TEMP 1, 10# 10,TEMP?,10,10,INP,INP*MD)
CALL MAMULTC C, 3,?*TECP2, 10, 10, TEMP3, 7, 7# MD, INP# MD)
- IF  CICODEC 1 D .L T .0 )  CALL MATASC TEMP 3, 7* 7* PMN, 3, 3# TEMPI, 10, 10# 
1MD,MD, t )
IF  C I CODEC 1 D  .L T . 0) CALL MINVP.CTEMPt, 10, 10, TEMPO, 7, 7,MD, IR)
XF CICODEC 1 D .G T .O ) TEMP3C I • I ) * 1 • /C?EMP3< |, D  + FMNC J# J ) )
IF CICODEC I D .  LT.O ) CALL HAMULTC TEMPO, IS, IB, TEMPO, 7, 7, GAIN, 7, 3,
1INP,MD,MD)
IF CICODEC 11).G T.O) CALL 2CMULTC TEMPO# j 0# |0, TRNP3C |, I )  ,
I GAIN# 7,3, INP, 11D)
c calculation  of e s tim a te .
CALL MAMULTC C, 3,7,XP»7# I,TEM P I, 10, 10,HD, INP, l>
IF  CI CODEC I 1) .L T .O ) CALL MATASC 2, 3, U Tl.'IP I, 10# 10, TEMP2, 10, 10, 
IMD, 1 ,-1 )
IF  C ICODEC I D -G T .O ) TEMF2C 1, I > ®Z<J, 1 J-TFNP 1(1,1)
IF  CI CODF.C 1 I )  .L T .O ) CALL MAMULTCGAIN# 7, 3, TEMPP, 10, 10,TEMPO, 
17,7, 1NP, MD, 1)
IF  C I CODEC 1 D .G T .O ) CALL SCMULTC GAIN, 7* 3, TE1P2C 1, 1), TOIP3, 7, 7,
1 INP, MD)
CALL MA1ASCXP, 7, l#TEMP3,7, 7,XEST, 7, I , INP# I# t>
C CALCULATION OF COVARIANCE.
CALL 1DEN C TEHF2, 10,10,IMP*INP)
CALL HAMULTC LAIN# 7, 3# C* 3, 7, TEMF3, 7, 7, INP, MD, INP)
CALL MATASC TEMPS, 1C, 10,TEMP3, 7# 7, TEMPI, t 0* 10* INP, IN P* -I)
IF CICODEC 4 ).GT.O) GOTO 50
CALL MAHUL7VTEMPI,10*10#PPMS*7,7*RPP*7,7*INP#INP#INP)*
GOTO 70
IN PACK RESULTS.
DO 30 J  131, L 1 
DO 30 K l® l,Lt
IF CJUEO. I .  AND.K1. EO. 1) FCJDKI>«TEMP2< J1*KD 
IF CJ1.EC. 1.AND.K1.G7. D  GCJ 1*K1-D®TE1P2CJ 1#K1)
XF C Jl.G T. I./uND.Kl.GT. I )  5PCK1-1, J  I-D-TEMP2CJ 1#KI >
EVALUATE ESTIMATE.
TEMPI C t ,D ® l«/ F ( l ,D
CALL MTRCG,3, 7# TCIP2, 10, 10,1*INP)
CALL 5CHULTC TS1P2,10, 10*TEMP 1C 1#1)*GAIN*7*3, INP*I) 
CALL MAMULTC C, 3*?*XP*7, 1#TSMP1* 10, 10, 1,1 MP* 1) 
TEMP2C1,I>3Z<J#1)-TEMPIC1* D
CALL SCMULTC GAIN* 7* 3, TE1P2C1* 1) , TEMPO, 7# 7* INP# !> 
CALL MATASCXP* 7#1*TEMP3,7#7,XEST#?#1#INP#1#1)
CALL EQUAL(XE5T*7 , l#XP#7#1#INP# l>
CALL EQUALCSP#7#7#SMS#7#7#INP#XNP)
CONTINUE
RETURN
END
LISTING B® 3 4
SUBROUTINE COGAFOC RPM, CPR)
C RETURNR ESTIMATE I COVARIANCE.
C SIMULTANEOUS PROCESSING.
C EXACT ORDINARY FORMULATION.
COMMON /CO DZ/1 CO DEC IG>
COMMON /DIM/N, I P,M* JP , INP# 1 UM, I I’MT, ITIMP,NINP# I T I l ’MP 
COMMON /FIL/XFSTC7, D ,  PHI C 7* 7>*H( 3, 7>#ZC 3# l>
COMMON /RFIL/CESTC 5, 1>,ZPC3* D  
COMMON /FILO/RPr<7,7),0<7,7>,FMNC 3,3)
COMMON /TEMP/TEMPI CIO, IP),TF31P2( 10, 10),TE1P3C7# 7)
COMMON /CORE/GAINC 5, 3 ), IRC 3>
DIMENSION RFMC7 #7 ),CPRC 5 ,D
C CALCULATION OF GAIN.
CALL KTRCH,3,7*TEMPI*10*1G,M*IUMP)
CALL MAMULTC RPM* 7* 7, TEMPI* 10* 10, THU'S, 10* 10, I UMP* 1 IMP, M)
CALL MAMULTC It* 3,7, TEMPR, 10* I0,TEMP3* 7, 7*M* IUMP,M>
CALL MATASC TEMP3* 7, 7* RMN* 3* 3, TEMP 1 * 1C* Ifl*M,M# 1)
CALL M1HVRCTFMP1,10,10*TEMP3,7*7,M,1P)
CALL MAMULTC TF-MP2, 10* 10,TEMPO, 7, 7* GAIN, 5, 3, 1 UMP#M* M>
C CALCULATION OF ESTIMATE.
CALL MATASCZ, 3, I*ZP* 3* 1* TEMP3, 7* 7#M# 1,-1)
CALL MAMULTC GAIN, 5, 3,TEMP3,7, 7*TS1P2, 10, 10, XUMP,M, |>
CALL MATASC CPR, 5# 1, TEMP2, 10* 10* TEMP3, 7, 7, I UMP* 1*1)
CALL EQUALCTEMP3*7# 7* CEST* 5,1*IUMP,1>
C CALCULATION OF COVARIANCE.
CALL I DEN C TEMP2, t C, 10, IUMP,1UMP >
CALL MAMULTCGAIN, S, 3,H, 3, 7, TEMP3, 7, 7 ,IUMP,M#IUMP)
CALL MATASCTEMP2, 10, 10,TEMP3*7, 7 ,TEMPI, 10, 10# I UMP, I UMP, -  1)
IF C IC0DEC4).GT.0) GOTO 50 
* CALL MAMULTCTEMPI,10,10,RPM,7*7*RPP,7 ,7 ,IUMP# 1 UMP* I UMP)
RETURN
C ALTERNATIVE CALCULATION OF COVARIANCE.
50 CALL MTRC TEMPI#10*10, TEMP2*10,10,IUMP#IUMP)
CALL MAMULTC PPM* 7*7, TEMPO, 1C, ( C, TEN?3, 7, 7, I l.MP, I U1P, 1 IMP)
CALL MAMULTC TEMPI, 10, IC,TEMP3, 7, 7,T^JP2, 1C, 1 0, I UMP, 1 UMP# I UMP) 
CALL MTRC GAIN, 5,3, TEMPI* 10* 10, I VMP,M>
CALL MAMULTC P.!?!, 3, 3 ,T©)?1, 10* 1C*TEMP3# 7* ?#t|*M# IM P )
CALL MAMULTC GAIN* 5, 3, TE1F3, 7* 7, TEMPI, 10* 10# I l=MP*M# I UMP)
CALL MATASCTEMP2#10, 10,TEMP I# 10,12,RPP,7,7*IUMP, IUMP# D
RETURN
END .
LISTING B.35
SUBROUTINE COGAESCSN#CPP)
C RETURNS ESTIMATE & COVAPXANCE.
C SIMULTANEOUS PROCESSING.
C EXACT SQUARE FOOT FORMULATION.
COMMON /CODE/I CODEC 16)
COMMON /DItl/N# 1P*M,JF.* INF, I UM* I UMP, IT  XNP# N HIP, ITIUMP 
COMMON /EFIL/CESTC 5, D  *ZPC 3 , I )
COMMON /FIL/XESTC7 ,1>,PHIC?#7),H(2* 7>*Z< 3, 1)
COMMON /FIL0/P.PPC7, 7 ), Q(7* ?)# P.‘!N( 3, 3)
COM!ION /FILS/SPC7#7)*UC 7*7)* VC 3, 3)
COMMON /TEMP/TEMPI C IS, 12),TEMF2< IS, 10), TE1P3C 7, 7)
COMMON /COP.E/FCS, 3 ), FTC 3* 5), GC 3, 3),GIC3, 3 ),HOLDC S, 3)
1,GAIN(5* 3 ) ,STOPEC 3* 3)
DIMENSION SMC7 ,? )# CPRC5*I)
3 7 6
CALCULATE CAIN USING ANDREWS FOFMULATION.
CALL HTh<«»#7 ,7 ,TEMPI#10#10#1UMP#1 VHP)
CALL MTRCH# 3* 7» TLMF2* 10*10.M.IUMP)
CALL MAMULTCTEMPI * 10* I0.TE1P2# IC# 1B.F# 5# 3*IUMP#IUMP*M> 
CALL MTRCF# 5* 3. FT# 3* S*XUMP*M>
CALL MAMULT! FT* 3* S#r* 5* 3* TEMPI # 10* 10.M#IUMP*M)
CALL MATASCP.'fJ# 3# 3*TL’tPi* 10* ie*?DlP2# 13* 10*M*M# 1)
CALL CHOL SR( TF.MP2# IB#10*0*3* S.M)CALL EC UAL (0.3# 3* STORE* 3. 3, M.H)
CALL MINVRTCG.3.3*01.3#S.M)
CALL MTRCG1* 3#3#TEMP I*10*10*M*M)
CALL MAMULT!F# 5* 3.TF31P1* 10. IC.TEMP2, 10* 10* IUMP#M#M> 
CALL MAMULT! SM# 7*7# TEMP2* 10* 10# HOLD# 5. 3# IUMP. ZISIP.M) 
CALL MAMULT! HOLE* 5* 3# 01* 3* 3* GAIN# 5* 3* I VHP# M# M)
C EVALUATE.ESTIMATE.
CALL MATAS!Z» 3 .1*ZP# 3#1.TEMPI.ifl#10.»|*I#-|>
CALL MAMULTC GAIN* 5* 3, TEMPI# IC* 10*TF«*IP3. 7* 7# I UMP#M* 1)
CALL MATAS! CPR* 5* I* TEMP3# 7# 7* CEST* 5# I .  I UMP. 1. 1)
C EVALUATE COVARIANCE.
CALL MATAS! STO PE. 3. 3. V. 3. 3, TEMP I . I 0. IO. M. H, 1 >
CALL MlHURT!TEMPI.10.10.TEMP2.10#10.M>
CALL MAftULT! TEMPO. 10. 10* FT# 3* S#TEMPI# 10* tO.M.M# IlIMP)
CALL MAMULTtHOLD* 5# 3* TEMPI * 10* 10* TEMP3# 7# 7# IUMP.M. I IMP)
CALL MATAS! SM# 7.7. TEMP3. 7. 7. SP. 7. 7. IUMP. lU M P .-l)
RETURN
END
LISTING B.36
SUBROUTINE ECM
C COMPUTES PARTIAL SET POINT VECTQP ft STEADY STATE CONTROLS*
C CA FIXED* TCI CONTROL AS WRITTEN.
COMMON /CODE/I CODEC I 6)
COMMON /CTL 1 /SQ< 3* 3) * CP.C 3. 3)* SPCC 5) .  SPE! 3. I )
COMMON /CTLE/r.PC< 5)* PI C! 5>#P.INTS0C 5). I SPC4)
COMMON / C TL 3/1£) S'* ( 3 > 1)*U0LD{3# I).UMAX! 3* I )* UMIN!3. I ) .  UE! 3. 1) 
COMMON /M EAS/FA* FB# FC* TA* TB# T.TCI.TCO* CAI. CA 
COMMON /CON ST/VR. VC* DH* A* E* P.HO* CP* R# CRTFC# CRTFCT 
COMMON /Ml SCI/MINT* FT. TOLEST. TOLCTLC 3 ). TOLGAI. TOL ECUS 
DIMENSION RM! 10. D.P.PC 10. 1)
EQUIVALENCE ! RM, FA), (RP, VR) *
C 2-D MO DEL­
F T  A* FB * RHOCP“RHO*CP 
IT -B
IF  ! I  CODECS). EQ. I )  CA-SPEC2.I)
IF  ! X CODE! 6) «N E. 1 > CA“ SPE!3,I>
T=-E/< R*ALOG( !FA*CAl-F*CA)/(CA*CA*A*VR>>) .
CALL UARFC!UAR)
50 TERM® ! UAR/ ! VP* RHO CP) > / ! 1. ♦ ( UAR/ ( 2 . * FORHO CP) > )
TC I«! CCH*A*EHP<-E/CE*T)>*CA«CA)/RHOCP-!FA*TA*FB*TB 
i - f*t >/vp.®term*t >/tef.m
IF  CI CODE!6 ) .E Q .I) GOTO 200
C ITERATIONS REQUIRED IF  3-D!UARFCT) MODEL.
TC0«!<UAE*T>/KH0C?-CTCI*UAR)/(2.*RH0CP>+FC*TCI>
I/! FC® UAR/! 2.* RHO CP) )
IF  ! I CODEC 6) «NE* 3) GOTO 200 
IT* IT® 1
IF  ( I T .  EQ, l> GOTO 100
C TEST FOR convergence.
DEV®ABS!CTCI-TCt 5>«IC0*/TCIS)
IF  ! DEV.GT.TOLECM) GOTO 100 
DEV“ABSC CTCO-TCOS)*10B./TCOS)
IF  ( DEV.GT.TOLECM) GOTO 100 
GOTO 200 
100 TCI5-TCI
TCOS*TCO
CALL UAP.FCTC UAR)
GOTO 50
C FIX SET POINTS.
200 SPEC 1 ,1 )*T
IF  Cl CODE! 6 ).NE. I )  SPEC2. U-TCO
UE! 1,1 )»TC I
RETURN
END
C RECALCULATION. _  ’
ISO CALL MAM’.LTC CON PHI# 3* 3* RKNFV* 3. 3* TEMPI# 10* I0.N.JR*N>
CALL MATAS! Pll I *7# 7* TEMPI* IP* IP.TEMP?* IO* 10*W*N#-1>
CALL'MAill’LTcrJACK* 3#7.TEMPC. IP* 10# TEMPI# 10* 10#N#N*N>
CALL MTR <PH I,7,7# TFHPC,10#I0.N .N)
CALL KAMVLTC TEttl’2# IP* IP. TEMPI# 10# 10* PPJ* 3* 3* N* N#N)
CALL FO UAL! UMNO/. 3# 3* RKOLD* 3. 3. JR.N)
GOTO SB
C EVALUATE NEW CONTROLS.
200 CALL MATAS! STrtP.E* 3# I* SPF.* 3* UTEMP1* 10* 10*N* l* -l>
CALL MAMULTCrXNEV,3* 3# TEMPI*10*10* TEMP2 ,IP*10.JR .N *I)
CALL MATAS! UE* 3* I* TEMPS, 10, 10, UNEV, 3, I# JR. l# - l  )
RETURN
DID
LISTING B.38
SUBP.0UT1NE GLCTL1 INTEC)
C EVALUATES CONTROLS TO DE APPLIED VIA GPETHLEIN-LAPI DUS METHOD.
C SUITAHLE ONLY FOR SCALAR. CONTROL AS WRITTEN.
COMMON /CODE/I CODEC I 6)
COMMON /DIM/N. 1 P. tl. JR. INP/ I DM. ICMP. ITINP.NINP. ITIUMP 
COMMON /CTL1/5CC 3, 31.CRC3. 3>, SPCC S I. SPEC 3. I)
COMMON /CTLS/CN.r.'C 3. I ) . VOL DC 3. 1 >, 111AX< 3. 1 ).UNINC 3. I >. UEC 3. I )  
COMMON /TIM/TE(a).TCC2),TCA. I TEC A J . ITCC 4)
COMMON /TEIP/TEMP1 C l". lO.TEMPPC IG. 10) . TEMP3C |7, 7)
COMMON /MISC1/NIMT.FT.TOLEST.TOLCTLC 3) . TOLGAI» TOLEOM 
COMMON /KISCS/DTC3).T0HNTC3>
COMMON /C0RE/DUMNYC3S0). CONC 3) . CONSTC 3. 1 >. RJC 3) . t .  STOREC 3. I> 
ECTEFMAL MODEL, I’AIIFC.UAP.FCT
C STORE PREDICTED ESTIMATE.
CALL EOUALCTEMPI*10.10.STORE.3 ,I.N > 1)
C EVALUATE PERFORMANCE INDEX FOR MAXIMUM,MINIMUM I  INTERMEDIATE
C CONTROLS OVER NEXT CONTROL INTERVAL.
UlEUC I ,  1 > = UMAXC 1,1)
DO 100 1-1.3
CALL ASGCCINEVI, 3, 1)
CALL EOUALC STORE, 3. I.TEMPI, 10, IO,N, 1)
00 7 0 J -  l.N IN T
IF C 2 CODEC 5> .L T . 0> CALL IMTEGC TEMP 1. 10, 10, TEMPS, 10. 10.N, 1, OTC2)
1 MO DEL, UARFC)
70 IF  CICODECS).GT.O) CALL INTEGC TEM? 1, 10, 10. TEMP2, 10, 1B. N, 1, DTC B)
1 MODEL, UAPFCT)
CALL MATASCTE1P1, )0. 10, SPE, 3, I.TEMP2. 10. IO,H, l . - l >
CALL MAMULTCSC. 3, D.TSM ^, 10, 10. TEMR3. 7, 7,H,N ,.t)
CALL MTP.(TEHP2, 10, 10,TEMPI, IB, 10,N, 1)
■ CALL HAMULTC TEMPI. 10. 10.TEMP3, 7. 7.TEMP2. 10, 10, !,N » I )
RJCI>=TEM?2C1. I)
IF  (X .E Q .l)  UlEVCt.l>*UMIM<l»l>
100 IF C I.E0.2) UJEWC I ,  1 >=<UXAXC 1, D  + UMINC 1, 1) )/2.
C SELECTION OF BEST PEP.FOBMANCE INDEX.
1 = 0
IF  < RJ C I ) * LT. RJC 2) • AND.RJC I > .LT.RJC 3) > I « t  
IF  CPJC2) .L T .R Jt 1) .AND.PJC2) .LT.RJC3)) 1-2 
IF  CI.1JE. I.A 'IC .I.N E .2 ) GOTO ISO 
IF  C l.E O .l)  UlEVt 1, D-UIIAXC 1, I)
IF Cl .EQ. 2) W E JC l, i)-UM IN Cl,l>
RETURN
C INTERMEDIATE CONTROL BEST. F IT  PJ-FC CONTROL).
ISO CONC I)-UMAX ( 1,1)
■ C0NC2)»IMI:IC 1.1)
CONC 3) “ C CONC 1 ) -  CONC 2) )/2*
CALL FITC CON. PJ. CONST, 3 ,1.3, 2)
UIEVC 1, D--C0NSTC8. 1 )/C2 .-CONSTC I ,  1>>
RETURN
END
LISTING B*37
SUBROUTINE REGCTL!INTEG)
C LINEARISED REGULATORY CONTROLLER.
COMMON /CODE/I CODE! 16) ~
COMMON /DI M/M* IP, ?!. JP* INP. I UM. I VM?* I TIMP.NINP# I TI UMP 
COMMON /FIL/XESTC7* 1)* PHI(7*7)#H!3*7>.Z(3*I)
COMMON /CTL1/SC< 3*3)#CR<3*3).SPC!5 ) .SPE!3.1>
COMMON /CTL2/RPC!5>#RIC(5>.RINTEG(5)*ISP!4>
COMMON /CTL 3/INF/(3* I)* UOLD! 3. I >* UMAX! 3* !>* UMINC 3* 1) . UEC 3. 1) 
COMMON /TIM/TE!2)*7CC2)* TCA#ITEC4)*IT C !4)
COMMON /TEMP/TEMPI! 10* I0>* TKSPCC 1C* 10) * TEMP3! 7# 7)
COMMON /M X SC1 AN IMT.FT* TOL EST* TOLCTLC 3)* TOLGAI. TOLEGM 
COMMON /MI SC5/DT(3)* TOLINT< 3)
COMMON /CORE/DUMMY(350)*RJACK!3 .7)*IRC3 ) .CONPHI(3 # 3 ).RRJ!3* 3 ). 
1RKMEWC3# 3) * RKOLDC 3* 3>* STORE! 3. 1)
DIMENSION RHESS! 3#7.7>
e g u iva len c e  ( phess , dummy<i>>
EXTERNAL UARFC#DLR1VC
C . STORE PREDICTED ESTIMATE.
CALL EQUAL!TD1P1. lOi 10# STORE#3. 1#N# I )
C EVALUATE STATE JACOBI AN.
CALL JACK! RJACK* 3# 7. 1. RHESS* 3. 7. 7>
. CALL EQUAL!RJACK.3* 7. TEMPO.7 .7»N#N)
C EVALUATE TRANSITION MATRIX.
CALL I DEN (P H I.7 .7 .N .N )
DO 10 J* l.N IN T
10 CALL INTEGCPH1.7.7.TEMP1. 10. I0 .N .N .D T!2 ). DERI VC. UAP.FC)
C EVALUATE CONTROL JACOBI AN.
CALL JACK! RJACK. 3# 7. 3.PHE5S.3.7# 7)
C EVALUATE COEFFICIENT MATRIX.
CALL I DEN ( TEMPI#10.1C.N.N)
CALL MATAS!RHI.7* 7 .TEMPI#10.I0.TEMP2*10.10.N.N.-1)
CALL MAMULTCTEMP2. 10. 1 0* RJACK# 3* 7. TEMPI# 10# lfl.M*N*JR)
CALL MINVRCTF.MP3#7# 7* TEMP2# 10# 10,11# IR)
CALL MAMULTC TEMP2*10*10* TEMPI#10.10* CONPHI.3# 3.N#N#JR>
C • ITERATE TO CONSTANT GAIN.
CALL NULL! RRJ* 3.3# H#N>
I T*0 
50 IT*XT® 1
CALL MATAS! SO# 3* 3.PRJ# 3* 3.PJACK# 3# 7#II#II# I )
CALL MAMULT< PJACK# 3*7. PHI. 7* 7. TEMPI* 10. 10.N.N/N)
CALL JITRC CON PH 1, 3# 3, PKN £V* 3. 3.N.JR)
CALL MAMULT!PKN F'#3. 3. TEMPI# 13. 10 .TEMP 3. 7* 7# JR.N .N)
CALL MAMULT! RJACK. 3*7* CONFHl # 3. 3*TEMP 1. 10. 10.N.N.JR)
CALL MAMULT! Ri<NEU. 3# 3* TEMPI. 10. IC.TFtirP# 10. l0 .JP .fl.JR )
CALL MATAS!TEMP2. 10# 10*CP* 3. 3* RftlEU* 3* 3. JP . JR . JR)
CALL MINVRCrXNEV# 3.3.TK1P2* 1C. 10.JH.IP)
CALL MAMULT! TEMP2* 10. 10.TE1P3. 7. 7# RKNEV. 3* 3# JP .JP .N )
CHECK FOn CONVERGENCE.
CO 100 X* 1.JR
DO 100 j « i #:i
IF ( I T .  EO. I ) GOTO 150
DEV-AOS! (PKNlV!!#J>-rXOLD!!#JU*!CO./ruCOLOCl#J>) 
IF <DEV.GT.TOLGAI) GOTO 150 
CONTINUE 
GOTO 200
LISTING B* 39
SUBROUTINE PPCTL 
C EVALUATES CONTROLS TO BE APPLIED VIA PARADIS-PERLMUTTER
C METHOD.
COMMON /DI M/fJ # IF# M# JR# INP# I UM# I UMP. I T I N*». NXNP. I TI UMP 
COMMON /CTL1/SQC3. 3) * Crc 3* 3) * SPC! 5) # SPE! 3. I)
COMMON /CTL3/UNEV*t 3* 1) .  UOLP( 3# 1). UMAX! 3. I ) .  UMINC3. I >. U£( 3. 1 > 
COMMON /TEMP/T E2IP1! 10# 10).TE:1P2! 1R# 10>* TEMP3C7* 7)
CO MMON /MI S CI / N X N T* F T # TO L E ST . TOL C TL C 3 ) . TO L G AI * TOL EOM 
COMMON /MI SC4/EXPF* I COUNT. I VAL* till SS# ION. IP.EC 
COMMON /CORE/CM! 3*3)
C CHECK WHEH*ER STATES ARE NEAR DESIRED VALUES.
DO SO J* !.N
IF  CJ.E0.2.AND.N.EQ.3) GOTO 50 
DEV“ABS!TEMPICJ.I)-SPEC J . 1))
IF  (DEV. GT. TOLCTLCJ>) GOTO 60 
50 CONTINUE
I MI SS® 1 
RETURN
C EVALUATE CONTROLS.
60 CALL MATASCTEMP1# 10# 10* SPE* 3# 1.TB1P2# 10. I0.N . 1 * -I)
CALL CALCM! CM. 3# 3)
CALL MTRCCM# 3* 3* TEMPI* 10, I0 .N .JR )
CALL MAMULT! SC. 3* 3.TEMP2* 10# I0#TEMP3# 7.7.N.N# 1)
CALL MAMULTC TEMPI. 10* 10# TEMPS* 7. 7#TE!-1P2* 10. I0 .JR .N . I)
DO 100 J - 1.JR
IF (TEMP2CJ. D .G T .O ) UNEV(J. | )®VMXNCJ. I )
100 IF  ! TEHP2CJ#1 ) .LT•0) UNEVCJ. I ) “ UMAX!J.1)
RETURN
END
LISTING B*40
SUBROUTINE CALCM!CM#IDI#ID2)
C CALCULATES CONTROL MATRIX FOR PARADIS-PEPLMUTTER CONTROLLER.
COMMON /CODE/1 CODE! 1 6>
COMMON /MEAS/FA, FE.FC*TA#T9#J,TCI#TCO#CA!*CA ‘
COMMON /CON ST/VR*VC* CH.A* E* RHO.CP* R* CRTFC* CRTFCT 
DIMENSION CMC I DI * ID2)
C CALCULATE MATRIX.
IF  C I CODE! 6) *LE. 2) CALL VARFCCUAR)
IF  Cl CODE!6 ).EO. 3) CALL UARFCT!UAR)
Xl»VAR/CFNO«VR*CP)
IF ! I CODE! C) . EQ. I > CM! 1* 1) “X 1/! | #♦ CXI/2. > >
IF ! I CODEC 6)*NE*1> CM !I#I>»X1/2.
IF  ( 1 CODE! 6) . EQ. 1 ) CM(2. l )  = C.
IF  < I CODE! 6) *:)E. 1) CMC2* 1 )*FC/VC-UAP/(2.®RH0* VC*CP)
CMC 3#l> -0 .
RETURN 
* DID
LISTING B.41
SUBROUTINE 1MPLCU# 1 Dl# ID2)
C IMPLEMENTS CONTROLS.
COMMON /CTL2/RPC!5)* R lC (5)# RINTEGC5)#I SP!Q)
DIMEIJSION U( I DI * I D2)
1 SP! 2) ■ I AO 5( U( 1. 1))
RETURN
END
377
LISTING B.42
SUOROUTINF STor.tFCrtC# IREC)
C STORES 4 DISPLAYS R! LEVANT PARAMETERS# KALMAN FORMULATION.
C0MN«>N /Cx) PF/ I CO PKC 1 ( )
COMMON /OIM/N* IP.M .JP. IN!*, tt*M# 1PMP# ITIHIfaMlNP# ITIUMP 
common /ML/::tr.T(7, n # r»u  17* *»)#h< 3# ?)#zo*  i»
COMMON /FII.O/firPC7#7>#C< 7# 7>#riplC3#3)
COMMON /FIU:/SP{7#7># HC7#7)#**C 3# 3)
COMMON /L*PF/RS-mV<llfa I ) * RMOl.rt HU l)*!!ROLPC in . 1)
COMMON /CTL3/ IN EV< 3# I ) * IMI. 0< 3. I ) * UMAX! 3* U  * UMlMC 3* I ) * UE< 3# I ) 
COMMON /MEAS/FA.FD#PC# TA#TH# T# TC I# TCO# CAI# CA 
COMMON /CONfT/'TS# VC. DH# A* F# RIO# CP# P# CRTFC# COTFCT 
COMMON /t TS/ITOV, 1 TO VMX* IP I'M# IFUMMX# I TF.R# 1 TEPtlX# IVAPM 
COMMON /TIM/TEC 2)# TCCr*)# TCA* ITEC 4) # I TCC 4)
COMMON /RLVR/IEI#lE?#!V», IVP#?|H1*NP2
COMMON /TEMP/TEMPIC 10# IV>># 7EMr?C 10* 10>, TEMP3C 7# 7)
COMMON /MISC2/CDT#IM*I TOINT*NC#BETA# SIGC3)*ACV< 3>* ACVQLDC 3> 
COMMON /MISC3/SWIEST#SUMCON#ACTJ*CIASC3)
COMMON /CO RF/ DUMMY( 40(1) * L I * LC# L 3 
DIMENSION RZCt I P.EC) * TUI ! 10* 1>*RP< 10# I)
EQUIVALENCE CFM.FA)# CRP.VF)
CALL EOUALCRMNEV*10#1#RM*10# 1 * 10*1)
CALL EQUALCnPOLD#10* 1 * RP#10#I* 10*1)
C STORE ESTIMATION 4 CONTROL TIME5.
SUMEST«SUMEST*TE<1)
SUMCON3SUMCON+TCC!)
C CHECK FOR RERU1 DATA LOGGING*
5 IF  CICODEC 15) .NE* 2) GOTO 10
URITEC 1*1 POINT)PM 'COTO ICO
C ARRANGE DATA 4 CHECK FOR SQUARE ROOT FORMULATION.
10 CALL RASGCTEMPI#10*10)
IF  CICODEC 3 ).GT.O) GOTO 15
CALL MTP.C SP# 7# 7* TEMP3# 7*7* IMP* IMP)
CALL MAMULTC SP* 7* 7# TEMP3* 7* 7# RPP* 7* 7* INP* INP# INP)
IS L1-IT1NP+M
L 2 -LU IN P  
L3-L2+JR 
DO 20 Ja l.IR E C  
. IF  CJ.LE.1NP) REC<J) =KESTCJ* I )
IF  CJ.GT. IMP. AND. J .L E . I TIN?) REC<J)3TEMP!!J-INP# 1>
XF CJ.GT. ITINP. AND. J .L E . L l )  PEC!J)-Z<J-ITINP* I >
IF  C J .G T .L I. AMC.J.LE.L2) P.EC!J) *RPPCJ-L1 *J - L 1)
20 XF ! J  .GT. L2.AMD. J .LE.L3) RECC J >-UNEVCJ-L2# 1)
C WRITE TO DISC.
WRITEC 2*1 POINT)P.EC 
100 IF  CIVARM.LE.O) IPOINT*IPOINTS I
CALL D1SPKF 
RETURN BIO
LISTING B-43
SUBROUTINE STODEFC P.EC# IREC)
C STORES 4 DISPLAYS RELEVANT FAP.AMETERS# EXACT FOFMULATION.
COMMON /CODE/! CODEC 16)
COMMON /DIM/N*IP.M.JR*INP#I CM#IUMP*ITIMP.NINP*ITIUMP 
COMMON /FIL/XESTC7#I)*PH!<7* 7 )*HC3* 7)*ZC 3*1>
COMMON /F1 LO/F.PPC7# 7 ) # G! 7# 7 > # P.MMC 3*3)
COMMON /FILS/SPC 7# 7)# UC 7,7)# VC 3* 3)
COMMON /EVF/nKMEMC10*I )*ENGLD<10*1)#PPOLDC10#I)
COMMON /CTL3/UMEVC3* 1)#U0LDC3. 1>*UMAXC 3# I ) # UMINC 3# 1)#UEC3* 1) 
COMMON /MEAS/FA# F3#FC*TA*TE# ?#TCI#TCO# CAI* CA 
COMMON /CONST/VP*VC* CH*A#E.PHO#CP*R#CPTFC*CPTFCT 
COMMON /I TS/ITOV, I TO VMX* IP'Cl* IPVNMX#tTEP* ITS?:IX# I VAPM 
COMMON /TIM/TEC 2)# TCC2)# TCA#ITEC 4)#ITCC4)
COMMON /REVR/1EI#IE2*IV1 * IV2# NPI * N«2
COMMON /TEMP/TEMPI <10# 10),T5-MP2< 10# t fl) * TS1P3C 7# 7)
COMMON /MlSC2/CDT#IM#IFOINT.NC.HETA#SIG(3)#ACVC3)#ACVOLDC3) 
COMMON /MI SC3/SI MEET# SUMCON*ACTJ#DIASC3>
COMMON /CORE/DUMMY! 400)*LI #L2#L3 
DIMENSION RECC I REC>* PIl! I fl# I ) # P.P< 10, I )
EQUIVALSJ CE <PM# FA)* <RP# VR)
CHECK FOR VARMUP.
IF  CIVARM.GT.0) GOTO 5
STORE ESTIMATION 4 CONTROL TIMES- 
SUMEST-SUMEST+TEC I )
SIM CON a SUM CON * TCC 1)
CHECK FOR RERIN DATA LOGGING.
IF  CICODEC 15). ME. 2) GOTO 10 
WRITEC1 * 1POIN T)RM 
GOTO 100
ARRANGE DATA.
CALL RASGC TEMP1,10*10)
IF  C ICODEC 3) .GT.O.OP.. I UMP. EO.O) GOTO 15
CALL MTR< SP* 7* 7* TEMP3*7* 7*IUMP#IUMP)
LtLJ^TIINpU^TCSPj7^7i>TEMP3*7#7^RPP# 7-»IfiHP* I UMP* I UMP)L2-L1MUMPL3-L2+JR
DO 20 Jal*IREC
IF (J .L E . INP) P.ECC J)-XEST< J* I)
XF CJ.GT. INP.AND. J .L E .IT IN P ) RECC J  > = TB1P 1C J-INP# I)
IF  CJ.GT. ITIN P. AND. J .L E . L I )  PECC J )  -Z  C J-ITINP* 1)
IF  C J .G T .L  1 «AND» J  «L E.L2) RECC J )»PP°( J -L  1 # J -L  I )
IF  C J.GT.L2* AND* J  .LE .L3 ) RECC J ) -UNEYC J-L2* 1)
WRITE TO DISC.
WRITEC2* I POINT)P.EC
IF  CIVARM.LE.O) I PO I NT* t POINTS I
CALL DISPEF
RETURN
END
160
165
170
230
232
LISTING B« 4 4
• SUBROUTINE DI SPKF 
C DISPLAYS DATA ON SCREEN* KALMAN FOPMULATION.
COMMON /CODE/1 CO DEC 1 6)
COMMON /DIM/M#IP*M*JP,INP#1UM* XUMP#ITINP.NIMP*ITIUMP 
COMMON /FIL/XESTC7*l),PHt(7* 7>,H<3# 7)# ZC 3*I )
COMMON /FILO/PPPC 7* 7)*0(7*7)*RMNC3* 3)
COMMON /CTL3/UNE?.I<3# J)#U3LBC3# l)*UMAX<3# I ) .  VMIMC3# I)*UEC3* I) 
COMMON /M FAS/FA#FB# FC# TA* TB* T# TCI * TCO* CAt # CA 
COMMON /I TS/ I TO V* I TO VMX* I RUN# I P. UN MX* I TEP.* I TEPMX# I WARM 
COMMON /TIM/TEC 2)* TCC 2)# TCA* I TEC 4 ). I TCC 4)
COMMON /P.EVP/I E! * I E2# t V l. I »;C# NR! #NP2
COMMON /TEMF/TEMPU 10# 10).TEMPS! 10# I0)#TSMP2C7* 7>
COMMON -/MI SC 1/J|INT* FT# TOLEST. TOLCTL! 3)# TOLGAI#TOLEOM 
COMMON /CORE/ISEC*Ll*IVAP* TOTAL.J 
DIMENSION RM!I?*I )
EQUI VAL El CE CPM.FA)
OMIT DISPLAY IF SWITCH 15 IS UP.
CALL SS'JTCH! 15*J )
IF  ( J .E C .1> RETURN
CONVERT MEASUREMENTS TO 0IFFERE1T UNITS.
00 10 J - l*  10
IF (J .L E .3 ) PMCJ# D-RMCJ# D -1 .E 6  
IF  CJ.GE.9 > RM< J# I ) *F:I< J# I >•I .£3 
IF  C J.GE.4.AND.J.LE.3) RMC J* 1) -SEGCC PM! J# I ) >
IF  ( I CODE! 7 ) .NE. 2) Z< I* 1) 3DEGC!Z( 1*1))
IT  <IC0DF!7).E0.2) Z<1#I ) ! 1 # I )•I . E3
IF  CICODE!?).EQ.3.OR.!C0DE(7).EC.«)  ZC2 * 1 ) 2 * I )* I . E3 
IF  < 2 CODE! 7) • EQ.4.0R* 1 CODEC 7) • EC. 6) Z<2# I )• DtGC!ZC2# I ) >
IF  CI CODE! 7 > . EQ.6) Z(3* 1 >■£( 3* I )• I *£3
PROCRESS.
ISEC“INTCFT*ITOV*•5)
WIilTCCH.aiDimW# tSEC# I TOV# ITFR
FORMAT< X# * * A1 # 2X# *» P» F* # OX# I 3# I 5* I 3* 12* *»P*'l
ANALOG CONTROL DI SPLAY IF  NECESSARY.
XF ( ICODE! 12) «N E.6.AND. 1 CODE! I 5) .NE.2) GOTO 65 
WRITE!8*30)
GOTO 70
FORMATS.
FORMAT!X# » »P*.3F6.2)
FORMAT!X*••P»P»P**F6.2)
FORMAT!X# ••P, #F6.2# *«P»P*#F6.2)
FORMAT!X#•tpi P**2F6.2)
ESTIMATES.
CALL EQUAL(XEST*7*1#TEMPI#10*10*N* 1)
TEMPI<I# 1)-DEGCCTEMPl(1*1))
IF  CI CO DE! 6) . EO• 1) TEMPK2# 1) -TEMPI C 2* 1) * 1 . E3 
IF  CICODE! 6) .NE. 1) TEMPI (2* I ) = DEGCCTEMPl (2# 1 > >
IF  CIC0DEC6) .NE. I )  TEMPI < 3# I )«TEMP 1! 3* I ) * 1. E3 
IVAR*1 
GOTO 240
TRUE OR NOMINAL STATES..
TEMPI(1*1)«PM< 6*1}
IF  !1 CO DEC 6 ) .EC.1> TEMPI<2*1) = RM<10*1)
XF C I CODEC 6) .NE. 1 ) TEMPI !2# 1 >-RM!8# 1 >
TEMPI(3*I >“RMC10*1>
1 VAR* 2 
GOTO 240
IF CICODEC1 2 ).EQ.6.0R. I CODE!15)•EQ* 2> GOTO 165 
MEASUREMENTS*
CALL EQUALCZ#3*I*TEMPI*10*I0*M#1)
IVAP.® I 
GOTO 250
COVARIANCE.
IF  CICODE! ie ).N E . I )  GOTO 105 
VRITEC8*100)
FORMATCX#/>
GOTO 140 
DO 110 J«l*N  
’TEMPI<J*1)-RPPCJ*J)
I VAR*11 
GOTO 260 
IVAR-3 
GOTO 240
PROCESS NOISE.
DO 130 J “ 1 *N 
TEMPICJ#1>“Q (J#J)
IVAR-2 
GOTO 260 
IVAR-4 
GOTO 240
MEASUREMENT NOISE.
DO 150 J=1*M 
TEMPICJ# 1 ) aP.MM< J* J )
IVAR-3 
GOTO 260 
X VAR-2 
GOTO 250
PARAMF.TFR ESTIMATES IF  ANY.
IF (IP .N F .J )  GOTO 180 
URlTEtB*170)
FORMAT! X* * * XPO *)
GOTO COO 
L1-N41
WRITE!0*190)(XESTCJ*I)#J -L I  * IMP)
FORMAT!X# *fptp*,4 E l2.5)
FORMATCX#•* P '* 4E12.5)
WRITE!8#195)(RFP<J#J>#J»Ll*INP)
VRITEC8*195)CQ(J*J)#J=L1*INP)
AUXILIARY MEASUREMSMTS.
VR1TEC8# 210)TM!I*1)*RMC4*l>*RMC9*1)
FORMATCX* * *P*#F5.2#2F6.2)
WRITE!8* 212)RM!2#1)# RMC 5*1)
VRITEC8* 220) RMC 3* I ) # F.NC 7# I )
FORMATCX# * »P* # 2F6.2)
CONTROLS
WRITEC8* 230)C LM E U !J* l)# J-l* JR )
FOFMATCX* //**»P»P'# 3E12. 5>
VR1TE(8# 232)
FORMATCX#•tXCN*>
XF CICODE!1 2 ).E0.6.0R.ICODE!1 5 ).EQ.2) RETURN 
TIMES.
TOTAL-TEC 2>^TC!2)+TCA 
VRITEC8»235>TE(2)*TC!2)*TCA*TOTAL 
FORMATCX# *»P*#4FS.1>
TOTAL-TECIF+TC!lJ+TCA
VRITEC8#235)TEC I )#TCC1)#TCA*TOTAL
RETUPN
ESTIMATES*COVARIANCE*PROCESS NOISE.
IF  CICODEC 6 ). EQ. I )  UP. IT  EC 8* 50) C TEMP IC J# 1>*J-1*N)
XF < X CO DEC 6) . N E* 1) WRITE! 8* 30) (TEMPI CJ* 1>* J -  1#N)
GOTO (70*80* 120*140) I VAR
MEASUREMENTS*MEASUREMBIT NOISE.
XF ( I CODEC7)•EQ*1.O P.I CO DEC 7 ) .EC-4 .OR.ICODEC7 ) .EQ.6>
IVRITEC8* 30)(TEMPI( J* l),J « t* M )
XF Cl CO DEC 7) «EQ. 2) VRITEC8/40) CTE.MPI (J* 1)* J-!*M )
IF  CIC0DEC7) . EQ. 3) WP.ITEC3# SO) (TEMP 1 CJ# !)#J*I*M)
IF  C X CODEC 7) • EQ. 5) VRITEC8* 60) CTEMPI < J# 1 )# J - I #M)
GOTO <90*160) IVAR
SPECIAL CONVERSIONS.
IF  CIVAE.NE. 3) GOTO 270
IF C I CODE!7) • EQ* 2) TE*P! C 1 * I ) -TEMP 1 C 1* ! >*l . E6
IF ! 1 CODEC 7) . EQ. 3 »0P. * I CO DEC 7) . EQ. 5) TEMP I ! 2# I ) -T E iP l!  2# I ) * 1. E6 
XF CICODE!7 ) . EQ.6) TEM?I!3#I >-TEMPI<3#I ) « ! . E6 
GOTO 155
IF (ICODE! 6) .EQ. 1) TEMPI <2* D-TEMPK2* l)* l.E 6
IF  CICODE! 6) .NE. 1> TEMPI ( 3# 1)“TEMPI (3# 1)* 1. E6
GOTO <115# 135) I VAR 
END
3 7 8LISTING B.45
160
165
170
200210
SUBROUTINE DISPEF __ _
DISPLAYS DATA ON SCREEN* EXACT FORMULATION.
COMMON /CODE/t CODEC 16)
COMMON /CIM/.N, IP. M,dE. HIP. I UM, JUMP* 1TIMP.NINP,ITIUMP 
COMMON /F IL/XESTC T* I ) . PHI C 7* 7) ,HC 3. 7) . ZC 3* t )
COMMON /FILO/P.PPC 7* 7)*CC7,7). EMM C 3 . 3)
COMMON /CTL3/UME*;c 3* 1). UOLDC 3. I ) .  UMAXC 3. 1) . 'IM1NC 3* 1 >, UEC 3, 1) 
COMMON /MEAS/FA. FD. FC. TA. TD. T. TCI. TCO, CAl . CA 
COMMON /I TS/1 TO1*'* 1 TOVMX. I RUN, IRUNMX, 1 TER. ITEPMX, 1VAPM 
COMMON /TIM/TEC P),TCC2>, TCA* I TEC 41.ITCC4)
COMMON /REUn/1 E l . I  E2. 1V I. t V2,Mni*NP2
COMMON /TEMP/TEMPI C 10. IBl.TEIPSC 10, 10) .TENP3C 7. 7)
COMMON /Ml SCI /NI NT, FT.TOLEST.TOLCTLC3 ) .T0LCA1» TOLEOM 
COMMON /CORE/1 EEC.Ll, I VAR.TOTAL,d 
DIMENSION RMC 10, I ) , 21(3, 1)
EQUIVALENCE C RM, FA)
OMIT DISPLAY IF  SV1TCH 15 1S UP.
CALL S5VTD1CI5.J)
IF CJ.EO. 1) RETURN
CONVERT MEASUREMENTS TO DIFFERENT UNITS.
DO 10 J M .IO
IF  C J.LE .3 ) R ':C J.I> -R M C J.I)»I.E6  
IF  CJ.r.E.9) RMC J .  1 >-RMCd, I )* I » E3 
IF Cd.fiE. A.AND.d.LE.6) RNCd, 1)=DEuC<KMCd, 1))
IF  C I CODEC7) «NE.2) Z 1C I . I > «DEOCCIC 1. 1 > )
IF C1C0DEC71.EC.2) Z 1 C I . 1 )«ZC 1, I )  ► 1. E3
IF  C I CODEC 7) • EO. 3* OR. 1 CO DEC 7 ) * F.C. 5) Z1 C2. I >*ZC S. I )* 1. E3 
IF C 1 CODEC 7) • EC. 4.OR* 1 CODEC 7) , EO. 6) Z 112. 1 >=DEGCCZC8, 1) >
IF  C 1CUDEC7). EO. 6) Z 1 C 3, 1 >“ZC 3, 1 >« 1 .E3
LISTING B.46
troches s.
I SEC3! MTC FT* I TOV* , 5)
VR1TE(O,20)IR IN,1 SEC,ITOV*ITER 
FORMATCX#•»A*, 2X,•» P» P’ , 3X,X 3*15,13, 12
► 6X#
* »P*>
ANALOG CONTROL DISPLAY IF  NECESSARY.
IF  < X CODEC 1$) «N E« 6. AND* I CODEC 1S) -NE. 2) GOTO 65 
VRITECS,30)
GOTO 70
FORMATS- * *
FORMATCX,•*P',3F6.2)
FORMATCX,’ t pt pt p* , F6. 2).
FORMATCX, M p«,F 6 .2 , ’ tP’ P’ ,F6.2>
FORMATCX,*»PtP», 2F6. 2)
ESTIMATES.
. CALL EQUALCXEST,7, 1 ,TEMPI,10,10,N ,I )
TEMPIC U 1)=DEGCCTEMPIC1 ,1>>
IF  CICODEC 6) .EC. I )  TEMPIC2,I>3TEMP1<2#I)* I.E3 
IF  (ICO DEC 6) ..ME. 1) TEMPI (2 , 1 )-DEGCCTBIPlC2, 1 > >
IF  C1C0DEC6).NE.|> TEMP! C 3, 1>=TEMPlC3, 1>* 1 • E3
IVAR®1
GOTO 2AO
TRbE OR NOMINAL STATES.
TEMPI!1#l>«RHC6#1>
IF  CICODEC 6 ). EG. I )  TEMPI C 2, 1 )*=F.MC 10, I )
IF  CICODEC6 ).M E.I) TEMPIC2,1)*RM<8#1)
TEMPIC 3,1)*RM(10,I )
IVAP.-2 
GOTO 2A0
IF CICODEC 12). EQ.6. OR. I CO DEC 15). EQ.2) GOTO 165 
MEASUREMEJTS.
CALL EQUALCZ1,3 ,1 ,TEMPI,10,lfl#M# 1>
I  VaR®i 
GOTO 2 50
COVARIANCE*
IF C1UM.EQ.0) GOTO 95 
GOTO 105 
VP.1TEC8, 30)
VP.ITEC8, 30)
GOTO 140
tem pic t, i >»r p p c l d
IVARM 
GOTO 120-
PROCESS NOISE.
TEMPI<1/1>«Q!1, I )
I  VAR32 
GOTO 120
COVARIANCF-. PROCESS NOI SE.IF CIC0DEC7). EO* I.OR. I CODEC7) . EO. A) TEMPI C 1, 1 )*T«MP1 C I, 1>* 1. IF CXC0DKC7) .EO.O.OR. ICODEC 7). F.O.S) V°ITECS, 30 ) TEMP I < 1,1)
IF  C I CODEC?) • EQ. I .OR. X CODEC 7) • EQ. A) VRI TEC 8, 4fl)T©lP|< 1,1) 
GOTO C110,140) I VAR
MEASUREMENT NOISE*
DO 153 J«1,M 
TEMPI<J,1)-RMNCJ,0)
IF C I CODEC 7 ) -EG* 2> TEMP1C1# 1 >3TEMPl!U U * l.  E6
IF C I CO DEC 7) . EC. 2 .OR. I CODEC 7)*EQ«3*OR»I CODEC 7).EQ.5)
1TEMP1< 2, 1) = TEN?1C 2,1)* 1 .E6
IF  C I CODEC 7 > .EQ* 6) TEMPI C 3, 1 > “TEMP I <3, 1 )*|.E6 
IVAR32 
GOTO 250
PARAMETER ESTIMATES IF  ANY.
IF  CIP.NE.0) GOTO 180 .
VR1TEC8,170)
FORMATCX,* *XPO’ >
GOTO 200 
L13N+!
VRITEC8, 190XXESTCJ, I )# J 3Ll# XNP>
FORMATCX, ' ’ P» P* , 4E12* 5)
FORMATCX,’ tp*,4E12.5)
LI®IUM*I
VRITEC B ,195)(RPPCJ#J)#J3L1,IUMP)
VR1TECB# 195) < CK J ,  J ) ,  J - L l ,  IUHP)
AUXILIARY MEASUREMENTS.
VRI TEC 8, 210) RMC 1# i),RMC4, 1>#RMC9,1)
FORMATCX, * ’ P’ # F5. 2# 2F6*2>
VRI TEC 8, 21G) RMC 2, t)#HMC5, 1)
VRITEC8, 220)RMC 3 ,1)#RHC7,1)
FORMATCX,’ » P*, 2F6.2)
CONTROLS ’
VRITE(B,230)CUJEVCJ, 1) #U* 1 ,JR )
FORMATCX, / / ,« i Pt P» ,  3E12. 5)
UR1TEC8,232)
FORMATCX,*»XCN’ >
IF  CICODEC 12). EC. 6. OR. 1 CODEC I 5) . EO* 2) RETURN 
TIMES.
TOTAL*TEC 2>*TCC 2)*TCA
VRITEC8* £35)TEC 2 ) ,TCC2 ) ,TCA,TOTAL
FORMATCX,’ tp ’ ,4 F 5 .1)
TOTAL3TEC 1)*TCC D  + TCA
VRITEC8,235)TEC I),T C C 1 ),TCA,TOTAL
RETUPN
ESTIMATES.
XF CICODEC 6 ). EQ. 1 > VRITECB. 50) CTEMPICJ# I >,J"W M)
IF  C ICODEC 6) .NE. 1) VRI TEC 8, 30) CTEMPICJ, 1 ),J«1 ,N )
GOTO (70,30) 1 VAR
MEASUREME1TS, MEASUREMENT NOISE.
IF  CI CO DEC 7 ) .EQ*1.O R .I CODEC 7 ) .EC*4.OR.ICODEC7 ) .EO.6)
IVRITEC8,33)C TEMPI<J ,I) ,J* 1 ,M )
IF  CIC0DEC7) .EQ.2) VRITECS,40)CTEMP 1! J ,  I ) ,  J* I ,M)
IF  CI CODEC?) .LO. 3) VRI TEC 8, 53) C TEMPI ( J ,  1 ), J* \ ,M>
IF C I CODEC?) • EO* 5) V 31 TECS, 60) C TEMP I ( J ,  ! )  « J* 1, M)
GOTO C90,163) IVAR
end
►19X# »C Al*»R ')
►12X,'
SUDliOtlTlNF SCRKRJ 
C PREPARES IK’RK.LN FOR DISPLAY.
C* CL FAR rCRLUJ, PAGE MODE.
VRITECH,10>
10 FORMATCX, MStA»R*D*T»T»S»S»5*>
VRtTEC8 ,SO)
20 FO RMATC X, ’ »CPIN »R ',3 X ,'»0  TlMEtR’ , 5X,’ » 0 SECONDS *, 5X,
1’OVEf'ALL ITERATION’ H*,3X, ’ »0 ’ ,5X# ’ SMOOTHED’ R 1)
VRITEC 8,30)
30 FORMATCX,/)
VRITEC0,40)
40 FORMATCX,3PX,1*QT», 17X*’ TOO* ,16X,» CA»R’ >
VRI TEC8, 50)
50 FORMATCX,’ » Q ESTIMATE’ , I8X, ’ »R ‘ , 6X, *t Q», I3X, ’ *R’ ,  6X,
1**0*, 13X, M R' )
VRITECS, 60)
60 FORMATCX,* f OTRUE STATE*, L 6X, ’ ’ R 6X, * ’ O’ ,  13X, • tR 6X,
l ’ »Q», 13X, ”  R’ >
VRITEC3, 70)
70 FORHATiX, • t QMEASUnEMENT’ , 1 5X, * * R 6X, * t 0*, 13X, ’ *R *, 6X,
l ’ iO ’ ,I3 X ,* tR ’ )
VRITEC 8,80)
80 FORMATCX,’ « GGO VARIANCE*, 16X, • t R«, 6X, •» Q»> 13X, • tR *, 6X,
l*tO», 13X, *tR« )
VRITEC8,90)
90 FORMATCX,’ * ©PROCESS NOISE*# I3X, MR*, 6X, MO’ ,  1 DX# *TR 6X
1**0*, I 3X, MR’ )
VRITEC8,ICO)
100 FORMATCX,’ tQMEASUREMEUT N0I5E’ ,9X, MR’ , 6X, MQ’ , 13X, »tR«
I ’ tO’ ,I3X ,*»R*I 
VRITEC8,110>
110 FORMATCX)
VRITECB,120)
120 FORMATCX,22X,QP1’ ,14X,»P2’ ,1 4 X ,’ P3’ ,1 4 X ,’P4’ P*>
VRITECB,130)
130 FORMATCX, • ♦ QESTXMATE’ , 8X, MR’ ,  12X, ’ »Q’ ,4X, MB’,  |2X, *tQ*,4X,
I ’ « R*,  12X, •’ 0’ ,4X, m h *)
VRITECS,140)
140 FORMATCX,’ ’ QCO VARIANCE* ,  6X, • t P.’ ,  I2X, ' *0*, 4X, * *R’ ,  12X# ’ »0 », 4X,
I * t R*, 12X, M OV 4X, M S ')
VRITECB,150)
150 FOP.MATCX,’ tQPROCESS NOISE’ ,  3X, » »R ’ , 12X, ’ »0 ’ ,  4X, »tR ’,  J2Xi • fQ ’ ,
14X, ’ * R* , 12X,’ t G’ ,4 X ,* »R*)
VRITECB,30)
VRITECB, 160)
160 FORMATCX,* t QFA3T R ', SX,* t Q1, 20X,’ TA3’ R*# 6X»1
VRITECB,170)
170 FORMATCX,' t QFE3’ R*,SX,* » Q’ ,2CX, *TB"tR»)
VRITECB, 180)
180 FORMATCX,’ » QFC=tR*, 7X,*’ Q*,18X,’ TCI*1R’ >
VRITECB,30)
VRITECB, 110)
VRITECB,210)
210 FOP.MATCX, 22X, *t GUI ’ , 14X# *U2», I4X, ’U3tR*)
VRITECB,220)
220 FORMATCX,’ * OCONTROLS' , 6X, M R ', 12X, * t Q 4X, 1
VRITECB, 110)
WRITEC8, 230)
230 FORMATCX,’ ’ Q T IM E S * IIX ,’ ESTIMATION',8X,* CONTROL*,8X,
1’ ACTUATION*,10X,’ TOTAL’ R*)
VRITECB,240)
240 FORMATCX, » ’ QESTIMATED’ , 10X, * »R*, SX, *»Q», 1 IX, ’ tR »#5X, • ’ 0 1  |X,
1' tp.», 5X, •» Q’ ,  I2X, M R ')
VRXTEC8,250)
250 FORMATCX,’ » CACTUAL’ ,  I 3X, MR’ ,  SX, MO’ ,  1IX, '*B«# SX, * *0 •# I IX ,
I MR’ ,  5X, ' K V  12X, MR»D’ >
RETURN
END
LISTING B* 47
SUBROUTINE CALXACXA,XDl, ID2,STR.RJACX)
C CALCULATES ANTI SYMJ1ETRIC MATRIX.
COMMON /CODE/1 CODEC 16)
COMMON /Dl MAM, I P. 11, JP., INP, I UM# IUMP, I TINP,NINP, IT I  UMP 
COMMON /FILS/SPC7#7)# VC7 ,7 ) ,VC 3, 3)
Dl MEN SI ON XAC I Dl # ID2) # STRC 7# 7 ) # PJACK ('3, 7)
DO C.fl I-1# INP 
XACI,!>®0.
DO 60 JM .IN F
IF C I.C E .J) GOTO CO
Sl^l=0.
IF  CI-GT.N) GOTO 15 
DO 10 H13J#1NP 
10 SUM® SUM* RJAC’CC I #Ml) * SP(M1,*J)
15 L U t-1
IF CLULT. 1) GOTO 30 
DO 20 Ml = t , LI 
20 SUM=51M*XACI, Ml) *STRCJ# M1>
30 L13I * 1
L23J - 1
IF CL1.GT.L2) GOTO 50 
DO 40 MlSL 1,L2 
40 SUM=SUM-XACM1#I)*STRCJ#M1)
SO XACJ,l>3SUM®SPCJ#J)
XACI,J)= -XACJ#I)
60 CONTINUE
RETURN 
END
LISTING B.48
SUBROUTIN E CNVTt ci J Dl , 102, Z, I D3» I D4.X, I DS, J D6)
C COUUEHTS PARW1ETER VECTOR TO STATE * PARAMETER VECTOR.
COUKOM /CODE/1 CODEt 16)
COMMON /DIM/M, IP, U.UR, INP, 1 UM. 1 UMP, ITINP.tllNP, 1 T I UMP 
DIMENSION C tID l,lD 2 ),Z tIE 3 ,lD 4 ),X < ID 5 ,lD 6 )
C HEASURK1EHTS.
IF  ( I CODEC 7) ,NE* 2. AND. I CODEC7) .ME. 5} XC I .  1 >»ZC 1, I)
IF  C X CODEC 7) . EG. E .OR. I CO DEC 7 ) . EC. 5) XC 3. I >«2C I ,  I )
IF CIC0DEC7).E0*3.QR. I CO DEC 7) .EG. A. OR. 1 CODEC 7) ■ EO. 6) 
1XC 2, 1) = ZCS, I)
IF C I CODEC 7 ). EQ. 5) XC 31 1 ) = ZC2, 1)
IF CICODEC 7 ). EC. 6) XC 3, I >-ZC 3, I )
C PARAMETERS. »
, IP C 1 CO DEC 7) . EO. 1 > XCB,1)«CC1,I>
IF C I CO DEC 7) . EC. 2. OR. I CODEC 7) . EO. 5) XC I ,  I >-CC 1,  1)
IF C 1 CODEC7) • EC. 4) X( 3, 1 )«CC I ,  1 >
IF  CIP.ED.U) RETURN 
L«N+l
DO 10 J=L»INP
IF  CICQDEC7).LF»2> XCU, !>* CC J -  1, I )
IF  C 1 CODEC 7) >GT. R. AND. I CODEC 7) .L T . 6) XC J ,  I )*CC J -2 ,  1 )
10 IF  CI CODEC?) . EQ.6) XC d , 1 >« CCU-3, I >
RETURN
BID
LISTING B.49
SUBROUTINE r.EFIUCRSC, IREC.L)
C READS RECORD IN FILE. '
DIMENSION P.ECCIREC)
READCI'DREC
RETURN
BID
LISTING B.52
3 7 9
C BLOCK DATA SUBPROGRAM*
G DECLARES ALL COMMON FOR USE BY ALL CALLED PROGRAMS*
BLOCK DATA
COMMON /CO DE/I CO DE!I 6)
COMMOM / DI M/>| .IB# M* JR, IMP# I UM# I UMP# J TlNP*firiP# I T l UMP 
COMMOM /FIL/XESTC ?»1)#PHI<7#7)*H(3# 7)#Z<3#l>
COMMON /EFXL/CEST!5, 1 >#ZP!3*I)
COMMOM /FILO/RPP!7# 7 > * G! 7# 7) * PMMC 3#3)
COMMOM /FILr/SP(7,7),U<7*7>* V! 3# 3)
COMMOM /BUF/P.I-Cir.fC 1C, I )#TMOLDC IP* I >#PPOLD< 10* I >
COMMOM /CTL1/CCC3* 3)*CP(3* 3>* SPCt 5)*EPS!3#1)
COMMOM /CTL2/RPCC 5)*!UC( SUFIHTFGC 5), I SPC 4)
COMMOM /CTL 3/U.I FV! 3# I > * VQLDC 3# I ) * UMAX! 3, 1)#»'1IMC3* I ) / UEC 3# 1 > 
COMMOM /MEAS/FA* FR# FC#TA* TD* 7* TCI# TCO* CAI* CA 
COMMON /COM ST/VP,VC, DI,A#E,PHO*CP#P*CPTFC*CRTFCT 
COMMOM /RNC/I I*I?,PANP#XO#XT
COMMOM /ITS/ITOV* I TOVMK# IPUJ# IRUIMX* I TER* ITEPMX# 1 VAPM * 
COMMOM /TIM/TEC 2>#TC(2>#TCA#1TE(4)#ITCC4)
COMMON /RF,’P./1 F.t * I S2# 171*1 V2#NP1* Nf*2
COMMON /TLMP/TEMPI ( 10# I? ) . TEMP2< IC, 10), TH1P3! 7* 7)
COMMON /Ml SC 1/N INT* FT# TOL F.S7, ~OLCTL< 3) * TQLOAl # TOLECM 
COMMON /MISCK/CD7#IN#IFOINT* NC* RET A#flG!3>#ACVC3>#ACVOLDC3) 
COMMON /Ml SC 3/ SUMEST* mCON* ACTJ# Ct ASC 3)
COMMON /MISC4/E <PF* I CVNT# I VAL* 1*11 SS# ION* I PEC 
COMMON /Ml SC VDTC 3)*T»lLINTC3)
COMMON /COPE/DUMMY!50H)
COMMON /flttJQN/ I HARK 
HND
LISTING B.50
LISTING B* 5 1
.T ITLE  FOBKO * FOFCIBLY LOADS CERTAIN P0UTINE5 
IFOR KALMAN ORDINARY FILTER.
.GLOTL SIORD* SF.CO* SFCO# SI CO 
.GL0I1L PPCTL* CALCM# DERI VC# EOM 
• END
• TITLE FORKS /FORCIBLY LOADS CERTAIN ROUTINES 
/FOR KALMAN SCUAFE ROOT FILTER.
•GLOBL SIORD* SECO* SFCO* Si CO
•GLOBL EQM
-DID
-T IT LE  FORSO /FORCIBLY LOADS CERTAIN ROUTINES 
/FOR SECOND ORDER ORDINAP.Y FILTER.
• GLOBL SIORD# SECO* SFCO* SI CO 
.GLOBL PPCTL*CALCM, CSRIVC*ECM
• END
• TITLE FORSS /FORCIBLY LOADS CEP.TAIN ROUTINES 
/FOR SECOND ORDER SQUARE ROOT FILTER*
• GLOOL SIORD* SECO# SFCO* Si CO
• END
.T ITLE  FOREO / FORCIBLY LOADS CERTAIN ROUTINES
/FOR EXACT ORDINARY FILTER.
•GLOBL SIORD#SECO*SFCO*SICO 
-GLOBL PPCTL# CALCM# DERIVC* ECM 
• END
-T ITLE  FORES /FORCIBLY LOADS CERTAIN ROUTINES 
/FOP. EXACT SGUAPE ROOT FILTER.
•GLOBL SIORD*SECO*SFCO*XICO 
•GLOBL ECM 
• END
.T IT LE  PP.INT / FO PCI PLY LOADS CERTAIN ROUTINES 
/FOR PRINTING i  PINCHING PROGRAM.
.GLOBL SIORD*SECO#SFCO#SI CO 
• END
C PROGRAM SSTATE,
C HOLDS PfOCESS INPUTS AT DESIRED 5TEADY STATE.
C SWITCHES*-C 0 UP TO END AND FILE DATA.
C 1 UP TO LOG DATA.
C 2 UP TO DISPLAY DATA.
C 15 UP TO CHANGE SET POINTS.
COMMON /IHEAS/l! 12)
COMMON /MEAF/FA* FB# FC# TA* TB,T* TCI* TCO# CAI# CA 
COMMON /GAIN/FPC!4)* R lC (4)*RINTEG!4) , ISP<4>
COMMON /EXTRA/1 COUNT#CDT#RLOG*I POINT
DI MET/SI ON PM! 10), IDATAC 6OC0)
EQUIVALENCE CRM*FA)
C DEFINE FILE.
CALL SETFIL!I*•DLOG'#I El*'SY*)
DEFINE FILE 1!500#20#U#IVI>
C REAR TATA.
VMTECJt, 5)
5 FOrM»\T<X. 'TYPr TIME INTFRVaL AND LOGGING INTERVAL *>
Hi ADC 6, imCDT# HLOC 
ID FOUIATCKl 6.B)
VRITKCHj 15)
15 FORMAT! X#'TYPE 5FT TO 1NTS-FA*FD*FC*TCI»>
READ! 6* J0) FA* FP# FC# TCI 
IS P !1)“IA04< FC)
1SP!2)=1A05C TCI)
IS P !3)“I A02CFA)
I f«P( 4 )®1AU3! FD)
RPC!I>“2.
RPC< 2>-2.
RPC(3 )-FR02!ISPC 3 ))
RPC!4)“PR03! 1SP! 4 ))
R IC C I)").
R lC (2 )®RI01<1SP!1>>
RlC!3>“ . 54 
Rl C( 4>*• 6 
DO 20 J* 1*4 
20 RINTEG!J)®0.
ICOINT=0
IPO1NT“0
C START CLOCK.
25 CALL FRONT! l./CDT)
30 IF ! 1 COUNT.LT. INTCRLOG/CDT® • 5) > GOTO 30
I COUNT®*)
C END* LOG* DI SPLAY OR CHANGE SET POINTS.
CALL 5SVTCH(6#J>
IF C J.E C .l) GOTO 100 
CALL SSVTCH!1*J )
IF CJ.EQ.2) GOTO 40 
DO 35 J-»l# 12 
35 1 DATA!1PO INT® J ) =1! J )
I POINT*!POINT®12 
IF UPaiNT.GE.6000) GOTO 100 
40 CALL SSVTCHC2*J )
IF  <J.EQ*2) GOTO 70 
I VAR®1 
GOTO 200 
50 VR! T£(8# 60 ) EM
60 FOr.MATCX# 2! F6. 2,X) # F? • 2#X* EC F6. 2#X) , 2! F7. 2 .X)/)
70 CALL SSVTCH!I 5#J )
IF  (J .E 0 .2 ) GOTO 30 
CALL INTOFF!I TIME)
WRITEC8# IS)
READ! 6# 10)FA#FB#FC#TCI 
ISP!1>®IA041FC>
I SP! 2) 31 AC 5! TCI )
1SPC 3 )«IAC2CFA)
ISPC 4)®IA0 3<FB)•
R?C(3 )=PP02<ISP!3))
RPC! 4) “Pp.03! I SP! 4) >
RICC2)"Rk01!SSPC1))
GOTO 25
‘ C END.
100 CALL INTOFF! ITJMS)
IVAP.*2 
I POINT®0 
IREC=0 
125 DO 152 J® 1 # 12
150 I!J)®IDATA!IPOINT®J)
200 FA=F02<I(3))*1«E6
FB*F03!1!4>)*1.E6 
FC*F04CI!5 ))*1*E6 
TA®DHj C!T07CI< 8 )) )
TD® DEGC! TC8! I !9 ))  )
T"DEGC(TCC(1 (1 )))
TCI"DEGC(TO 5 !1 (6 )))
TCO®DEGC!T06 !I ! 7 ) ) )
CAI«200.
CA-C01(I!2), I!II> > * I.E 3  
GOTO (50*250)IVAR 
250 IREC-IP.ECM
WRITE! l'lP.EOPM 
IPOtNT®! POINT® 12 
IF  (ir-OlNT.GE.6CC0) GOTO 300 
GOTO 125 
300 E/JO FILE 1
END
L I  S T I NG B . 5 3
SUBROUTINE FORINT! I TIME)
C INTERRUPT RQUTINF.
COMMON /1 MFAS/ 1(12)
COMMON /GAIN/RPC! 4)*R1 C< 4>* RlNTF.G! 4)* I SP! 4>
COMMON /EXTRA/1 COUNT#COT#RLOG*ITOINT
DIMENSION 1 BUT!12)# XMR!4)*IA !4)
C ADVANCF. COUNTER AND SAMPLE.
I COtUT® I COUNT® I
I sc=o
CALL ADCO!I SC#12#IBUF)
50 IF (ISC) 100*50*50
ICO 1 MR! I ) ® I BUF! 5)
IMR!2 )®lBIT! 6)
IMRI 3)®1DUF! 3)
1MRC 4)®1CUF!4 )
C APPLY CONTROL.
LO ISP J«l# 4
150 CALL PI CTL!P.PCC J ) , Rl C( J># I SPiJ>* IM R(J), CDT#KINYLC!J>* IACJ) )
CALL MODCTLCIA!I)#1A(2>>
CALL DACO! 0* 4#IA)
C REFRESH MEASUREMENT SUFFER IF  NECESSARY.
IF ! I CO WT.N E. I NT! PLOG/CDT+ • 5) ) RETURN 
DO SCR J®1*12 
200 I!J)«IB U F (J>
RETURN *
DID
380
L I S T I N G  B* 54 LISTING B»57
• TI TL E ABCO
I PROGRAM TO SAMPLE FROM ADC.
I COMPATIBLE VI TH FORTRAN. t INTERRUPT STRUCTURED, 
j CALL ADCOC 5C#N0C* DA)
I SC « START CHANNEL 
) NOC » NUMBER OF CHANNELS 
1 DA • DATA DUFFER
1 AFTEP. COMFLETION SC IS SET TO -1 
J THIS SHOULD DE TESTED BEFORE PROCESSING DATA. 
.GLOUL ADCO
RS-T5
AD-CSn»l 67770 
AD.OUT-l 67772 
AD. IN* I 67774 TSTCR5) ♦ JSKIP BRANCH-
NOV (P S )* SCI I STORE ADDRESS OF 7.TART CHANNEL
MOV tcn*>)*.AD.QUT I move OUT START CHANNEL
MOV • C R5) ♦# CNT I INITIALISE CHANNEL CO 1 HIT 
MOV <P.5> ♦* ADCR 1 STORE ADDRESS OF DATA DUFFER
VAlTi 7 STD AR.CSR
DPL WAIT 
MOV AD. IN# tAPnn
ADD #2# ADDTt # UPDATE POINTER
DEC CNT J COUNT
BF.Q RET
MOV #20000* AD.O UT I CONVERT NEXT CHANNEL
DR VAXT
J♦**♦„****,
RETl MOV #-l*eSCI * SET FLAG
RTS R5
SCH .WORD O
CNT* .VOF-D 0
ADCR * .WORD 0
• END
LISTING B.55
.T ITLE  DACO
SUBROUTINE PUICHDCNAME.L I * L2#N# I S# I P> 
DIMENSION V«P0)*13C2),A(7| )*NAME<3) 
LOGICAL L1#L2
BYTE D(16)*D1C284)*B2<10)*B3C2) 
EQUIVALENCE CA.Bl)
DATA B3/I0.0/
DATA B/4*42#10* 35*•Sfa'Ufa'I fa *Tfa ‘Cfa 
DATA D2/' Dfa'Ofa *Cfa ’ fa'N fa ■ Efa *X fa *1 
NREC-N
CALL SETFIL! I*NAME* 1 EPR* ' SY1 )
DEFINE FILE 1 (NP.SC/ 2* U* X VAR)
KM P-IS
IF  (L2> GOTO 51 
CALL PUNCH C l#B3*-l>
GOTO SS
CALL PUNCH<9# D2#-1>J-0
DO 41 I«l#20 K=KtIS
IF (K.GT.NREC) GO TO 65 
READC 1 *K# FND-65) V( J+ | >J*J+ 1
I PI=J*14*1
DICODE C 280* 10* A)V
FORMAT (2 0 (El 2.5# 2X>)
B U IP l )»10
CALL PUNCH(I Pi# A* 1)
IF  CCK*I5>.LE.HHEC) GOTO 55 
IF CLI) GOTO 45 
CALL PUNCH! 1*03*0)
GOTO 46
CALL PUNCHC1S,B*0>
ENDFXLE 1RETURN
END
LISTING B* 58
PROGRAM TO DF.1VE DACS.
CALLING SEQUENCE* -
CALL DACOCSC.NOC.BUFF)
SC *= START CHANNEL
NOC -  NUMBER OF CH ANN EL S FOR SERVICING. 
BUFF -  DATA BUFFER
R0*X0Rr=n
R2*%2R3-X3 *R5-X5
£P=» X6
.Gl.OEl. DACO 
MOV R3.-CSP) 
MOV R2.-C5P) 
MOV R l.-C SP) 
MOV P.0#-C SP)
J SAVE REGISTERS
1ST CF.S) +
MOV 0CP.5) + *RC 
MOV »CR5> + *E2 
MOV ( R5) +# R3
J SKIP BRANCH t START CHANNEL 
9 NUMBER OF CHANNELS t BUFFER POINTER
SWAB R0 
A EL RO 
ASL RO
DIS # 140003# R0
J SET UP FUNCTION AND CHANNELS 
I IN RO
LPl MOV CF13)* Rl
BIG #171777# Rl 
SVAB Rl 
ASR Rl 
ASR Rl
BIS #120000* Rl 
MOV Rl# DA.OUT 
DA.OUT-1 67772
MOV C R3) + # Rl 
BIC #176300# Rl 
BIS RO# Rl 
MOV Rl * DA.O UT 
DEC R2 
BEG FIN 
ADO #2000* R0 
ER LP
J MOVE OUT DATA CTVO V3RDS)
I FUNCTION AND CHANNEL 
t LAST CHANNEL?
SmiYJUTlNK RlitNTt S# I Dl* IP?# FOOT# 1 D3# 1 |»4* N1 *M2# T* DERI V* SID) 
RtNGL-K I'TTA MATRIX I NT KOI* ATI ON ROUTINE.
RESTRICTED Tl) MATRICES . LK. C Ufa 7) .
COMMON /GOUTS &t Ufa?)#RXC I13. 7* 4)
Dl MEN SI ON P< 1 Dl # I D?) # SWT! I D3* 1 D4>
DO 1 K* 1 #N I 
DO 1 L -I.N 2  
ZCK#L)*S<K*L)
CALL DFR1 V< S# I Dl * I D2* SWT* 11)3* I 04# N1 * N2> SUB)
DO 2 Ks 1#N1 
DO 2 L* I #N2
RKCK*L*1)«SD0TCK#L>*T * *
DO 4 1-2*3 J-I-l
DO 3 K“ 1*N1 
DO 3 L*I#N2
sck*L)**z <k #l >+pkck*l # j )/ 2 .
CALL DF.RIVCS* IDI* ID2# 5DOT# I D3* I D4#N I #N2* SUB)
DO 4 X=1*N1
DO 4 L-1.N2
RKCK# L*I>=SDOT(K#L)*T
DO 5 Ka 1 *N I
DO 5 L=| #N2
SCK*L>=ZCK#L)+FXCX*L#3)
CALL DERIVC S*IDl* I 02* SDOT*ID3#IB4#N1 *N2# SUB)
DO 6 K= i#N1 
DO 6 L=1#H?
RKCK*L*4)h£P0T<K#L)*T 
DO 7 X -l* N 1 
DO 7 L=1*N2
SCK*L) -ZCfC.L)* (RKCK.L* 1 >*2.*(RKCX*L*2>+RKCK*L* 3) >*P.KCX#L# 4) ) /6.
RETURN
END
SUBROUTINE EULINTC S* I Dl # I D2* SDOT, I D3* 1 04* Ml# N2* DT# DEP.I V* SUB) 
ELLER >1ATRIX INTEGRATION ROUTINE.
DIMENSION SCIDI.ID2)* SD0TCID3# 1 D4)
CALL DERI VC S* I Dl * I D2# SDO T* ID3* ID4# N 1<!12# SUB)
DO I Kc 1*N1 
DO 1 L=l*N2
S<K*L) = S<K*L>«-SDOT<K#L)*DT
RETURN
END
LISTING B* 59
FIN* MOV C SP > * # R0 
MOV <SP)+*RI 
MOV CSP)** R2 
MOV ( SP) ♦*» P.3
J RESTORE REGISTERS
SUBROUTINE END
GENERATES A NORMAL RANDOM NUMBER VITH MEAN OF 0. I S. D OF U
COMMON /KNG/11*12# RA!JE#XO*XT
RANR*RAM!I I*12)
XO-SGRTC-2 .0*ALOGCRAN R>)
ranr- ramci i # X2>
TR=6*2631853072*RANR 
XT=XO<SIMCTR)
XO=XO*COSCTR>
RETURN
END
LISTING B* 56
.T IT L E  PUNCH 
J CALL PltJCHCN* A#F)
I N *  ADDRESS OF NO. OF BYTES J A »  ADDRESS OF DATA
1 F * -V E  FIRST PASS# ♦ VE DURING#0 FINAL
R0-.1O ns- is
.MCALL .IN IT*  .OPBIO* 
• GLOBL PLNCK SP- X6
►VRITE# • VAIT# . CLOSE* .RLSE
TST ( R5) ♦
MOV* MRS)
MOV (R5) +* BUFH DP.
TST *<R5> 
fa’-L CONT 
MOV RD*-CSP)
• IN IT  ifLNKPLK 
MOV #FXLRLK# P0
• OPDJO #LNKBL?C*R0 
MOV CSP)*#HO
•WRITE ILNKBLK*/BUFHDR 
.VA IT ILVKBLK 
TST MRS)*
BMC FASS 
.CLOSE #LMKCLK 
.ELSE #LM.<BLK 
FIS R5
I SKIP BRANCH 
BUFH DR* 4 I GET NO. OF BYTES
I GET ADDRESS OF DATA
LNKBLKt 0.0#!
• RAO50 /PP/
• VORD 0*0
f il p u c * n*e#P*a*-a
SUBROUTINE ACVAP.CIl# BETA# SI G# AC V* ACVOLD)
GENERATES OKI STEIN-L71LEI5ECK AUTQ-COREELATED VARIABLE. 
COMMON /PNG/11.12* RANR*XO*XT
IF CN.NE. l> GOTO 150
CALL RHD
ACV-XO* SIG
ACVOLD-ACV
RETURN
EBETA* EXPC-BETA)
SREB-SORT!1.0-EDETA**2)
CALL PilD
ACVxXO#510* SRFD*ACVOL D*EDETA
ACVOLD-ACV
RETURN
END
381
LISTING EU 60
5 UT ROUT IMF. 11HAC A* I PUS OW.NUN2) 
h o ite h o l m -r thantfivm atiom  r o u tin e .
A«HQ1irMtOLD!:n T*?*VJ f-F*l "MAT I ON OF A.
a n r si m ctfd  to .L £ .( i4 , n n .
COMMON /comvuc I A, 10UCC 14, 10>, IK I 4* 1 UYC K 
lVrCTC U I  A)
DIMENSION AC1DUID2)
EAE* 1
. 0 LO PL 11 AM 11. T, I  MLR# iADP. SrOLSH 
.NCALL .PAFAM
, I > ,VECTOPC14#I)#
DO 20 K» UMC 
SiCMA3P.
DO 5 I®K,N1
SIGMA= SI GMA+ AC I ,;< > * AC I , K >
IF  CSJGMA.LT.UE-7) VRITE<B,999)N2 
FQF.MATCX,’ RANK OF MATRIX <*#12>
31GMA- SI GM C SOP TC SI G'SA) , ACK.K)>
BETA"I./C SiGMA*C SIGMA*ACK,K))>
DO 10 !* UN 1 
IF  C I.L T .K ) U C I,l> -0 .
IF  C l.FQ .K) U< U  1) -SIGMA*ACK#K>
IF Cl.GT.K) UCUl>»AU,K>
DO 15 J*UN2 
IF  C J.LT .K ) YCJ# 1)*fl.
IF CJ.EC.K) Y<J,1)*U 
IF  CJ.LE.K) GOTO 15 DO 17 I - UN I VECTOnCU l)*ACI,J>
CALL MTRCU, 14# UVSCT# 1,14,NU1)
CALL MAMULTC VECT, U  14, VECTOR, 14, 1, Cr 14, 10, U N I, 1) 
Y C J ,1) eBETA*CC1,1)
CONTINUE
CALL MTRCY, 10, UB , 14, 1B.N2, 1>
CALL MAMtLTCU, 14, UB, 14, 10, C, 14, 10,NU UN2)
CALL MATASCA,IDl,IDS,C,14,10,B ,14,!®,N1,N2,-1> 
CALL EQUALC B, 14, 1C, A, IDUID2,NUN2>
RETURNEND
. PARAM 
AC"177 302 
MO"177 304 
SCP"177310 
BUSY* .VORD -1 
NAMULTl MOV RO,-(SP> 
MOV P.U-CSP) 
MOV t»2,-CSP> 
MOV R3,-CSP) 
MOV P.4,-CSP>
•IFDF EAE 
MOV AC,-CSP) 
MOV MO.-CS?) 
MOV SCP,-CSP) 
.EJ DC
; SAVE REGISTERS
LISTING B.61
SUBROUTINE CUQLSRCP, IDU1D2, S,!D3,ID4,N> 
CHGLESKY DECOMPOSITION ROUTINE.
S"SORTCP)
DIMENSION PC I DU I D2) , SC I D3, 1D4)
DO 100 J* UN 
DO 100 1*1,W 
IF  C I.N E .J ) GOTO 40 
SUM=0.K=* 1 -1
IF  CK.EO.0) GOTO 30
DO 25 M* l,K
SUM3 SUM* S<1,M>* SCUM)
SC I , I )* SCRTC PC 1,1>-SUM)
GOTO 100
IF C i .L T . J )  GOTO 45 
SCU,1)«0.
GOTO ICO 
SUM=0.
K " t -I
IF  CK.EQ.0) GOTO 60
DO 50 M*UK
SUM= SUM* SC J ,  M> * SC I ,  H>
SC J,1 )-(P C J,I)-S U M )/SC I, I>
CONTINUE 
P. ETT URN 
END
LISTING B* 62
SUBROUTINE FI TCX, Y, CONST, I D l, I 03, I DATA, tPOD 
FITS A rOLYMOMlAL TO A DATASKT.
DECREE 4 MAXIMUM.
CONST IS ARRnY OF COfKFIClFNTS OF DESCEMMMG POVEPS OF X. 
COMMON /CORF/AC S, 5 ), ASC 5, S ),!K  5. I ) .  IRC 5)
DIMENSION XC I DATA>,Y( I DATA), CONSTC I DU 102)
SET VP A.R MATRICES.
L*IFOL*I 
DO 30 J s U L 
DO 30 K* I ,L  
IF  C J.E Q .1) GOTO 10 
IF  CK.EC.L) GOTO 10 
AC J,K)*AC«1- 1,K* I )
GOTO 30
a c j . k u o .
IF  CK.EQ*L) BCJ,1>*0.
DO 20 1*1,1 DATA 
TERM*XU >**C2*L-K-J>
ACJ,K)*A<J,K)+TERM
IF CK* EQ.L) B CJ,1>3B ( J ,1)*TERM*YCI)
CONTINUE
SOLVE EQUATIONS.
CALL SOLVEC A, AS, 5, 5, CONST, 1 Dl, I D2, B, S. 1, IR ,L )
RETURN
END
SUBROUTINE SOLVEC A, AS, I Dl, 102, X, ID3, I D4, B, I DS, IP6, I  R»N 1 ) 
SOLVES SIMULTANEOUS LINEAR F.GUAT10NS AX*B.
MAXIMUM 5 IN1CN0VNS.
NUN UMBER OF ECUATIONS*
ID ’ S ARE ORIGINAL ARRAY DIMENSIONS.
DIMENSION AC1DUID2UA£C1DUIP2),XUD3, I D4), BC ID5, I 06) ,  IRCN1)
CALL MIMVRC A, 1 Dl, I D2, AS, 1 Dl, 1 D2.NU IR)
CALL MAMULTC AS, I DU I D2, B, I D5, I D6,X, ID3, I D4,MUNU t>
RETURN
END
LISTING B* 63
.T ITLE  MAMULT 
; MATRIX SINGLE PRECISION MULTIPLICATION.
MODIFICATION TO M5PM* VFITTB) BY A.LOCKE.
TO MULTIPLY TWO REAL MATRICES OF DIMENSIONS*-  
A*S AMD P*C.
THIS "Ol'TINE IE VPITTEN TO PE COMPATIBLE NITH 
THE FOrrr/.N CALLING SEQUEJCE.
THE CALLING SEQUENCE IS AS FOLLOVSt-
.GLOBL MAMULT 
JSR PS,MAMULT 
BR CONT
.WORD LEFT HAlTlX ADDRESS.
• VOF.D ADDRESS OF ORIGINAL DIMENSION ROVS.
«V’OPD ADDRESS OF OFIGINAL DIMENSION COLUMNS.
• VOP.D FMGHT MATRIX ADDRESS.
*VOPD ADDRESS OF OM GINAL DIMENSION POVd# 
.VORD ADDRESS OF ORIGINAL DIMENSION COLUMNS. 
.WORD PRODUCT At'QF • SS.
• VODD ADD? ESS OF ORIGINAL DIMENSION F?V$. 
.VOFD ACCmSf OF 0PIGI1AL DIMENSION COLUMNS. 
.VOBD ADDRESS OF DIMENSION ' A* •
• UORD ADDRESS OF DIMENSION ’ B*.
.WORD ADDRESS OF DIMENSION *C*.
CONTI ETC
INC :
DEC :
DUSY
PASS! *
ROUTINE IS ©iGAGED 
HAVE J INTERRUPTED?
PUSHt
MOV
MOV
MOV
CMP
BNE
fCNTUP.C I 
#STACX*E> RI ) 
< Rf!)♦ , - (  SP) 
RU Rfl 
PUSH
YES. STACK STORAGE 
AREA
PASS1l TS7 CR5>- ; £K1P BRANCH INSTRUCTION
MOV <r.5>*,R! J SET UP MATRIX ADDRESS INDICATORS
MOV *<R5)*,RE J t DIMENSION COUNTERS ETC.
ASL RB
ASL P.0
MOV RB.0C1
TST CR5)*
MOV CR5)*,R2
MOV fCR5>*,R0
ASL RB
ASL RB
MOV RB.0C2
TST (R5)-*
MOV CR5)*,R3
MOV • C R5> + , RB
ASL RB
ASL RB
MOV R0.OC3
TST CR5)*
MOV •(RS)*,CNTl
MOV • C R5)*,CNT2
MOV • CF.5)*,CNT3
MOV GJTUSCJTl
MOV CNT2. SCNT2
MOV ♦STACK* 2, T.2 J SET UP ANOTHER STACK
; FOR REGISTERS
MOV PU LAI ; PRESERVE BEGINNING ADDRESSES
MOV R3.LA3
SET1; MOV F.2.LA2 ; preserve  column address
SET?* MOV LA?,ns J OF SECOND ARGUMENT
RESET: MOV P.l, LA ,* STAPT OF POV
MOV 2CF.1 ) , -C £P> ; MULT I FLY FIP.ST TVO
MOV CPI) , -<  SP) .’ NUMBERS OF P.QV
MOV 2Cr.2),-CSP>
MOV <P2>*,-< SP)
TST C P.2 ) ♦
MOV R5, -  ( RE)
MOV R3,-CRG)
MOV R2,-cpe>
MOV nu-cpfl)
MOV TO, STORE
J  SR P4,SPOLSHSMLR
. VORD .*2 
MOV STORE.RB 
MOV cr.0)*,Rl 
MOV <F0)*,P2 
DEC CNT2
DEO DEP J CHECK FOR END OF POV
ADD OCliRI 5MULTI FLY NEXT TVO
MOV 2cri),-C£P> tNUMDEPS- 
MOV (F I) , -C S P ) } AND SUM.
MOV 2CR2),-C5P)
MOV <P2)*,-CSP)
TST CP2>*
MOV R2,-CR0)
MOV RU-CR0)
MOV Rfl,STORE 
JSP P.4, SPOLSH 
SMLP.
SADR
.VORD .*2
.mov store. ne
MOV CPBU.R1 
MOV CRE)+,R2
DEC CNT£
ENE MID
MOV SCNT2, CNT2
CHECK FOR END OF POV
MOV crG>*,R3 
MOV CSP>*,CP3)« 
MOV C5P>*,CR3>«
;  y e s . d e p o s it  ppoduct.
MOV LA,Ri 
TST CRD* 
TST CRD®
J RESET RQ*.’ ADDPE5S
MOV CRB)*,R5 
DEC CNT1 
ENE SET2 
MOV SCNTUCNT!
) END OF COLUMN?
MOV LAUR1 
ADD 0C2.LA2 
MOV LA2,R2 
ADD 0C3.LA3 
MOV LA3,P3
YES. RESET BOV
; advance r ig h t  matrix  offset
} END OF OPERATION?
MOV FCMTURP 
MOV #STACK+2,ni 
MOV C5PU,-<m > 
CMP R0.ni 
BNE POP
• IFDF EAE 
MOV C£P)»,SCR 
MOV CSP)♦,MO 
MOV C SP)♦ ,AC 
.IN  DC
MOV CSP)*,R4 
MOV (£P)*,P3 
MOV ( SP>♦ ,R2 
MOV CSP) + .R1 
MOV (SP)r,p.0
I YES. RESTORE PEGS.
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RTF P5 1 EXl- rro'l SUBROUTINE
CMT11 .VOHD C I COUNTERS ft ETQPAOE
C\/T2i .WORD C
CNT3I .VORD D
fTor.Ei .vono e
la i .vo ro  e
LAI! .WORD ft
LACt .WORD ft
LA3i .WORD ft
5C./TII .VOHD P
5rNT2l .VOPD e
OCl! .VOPD ft
OCPt .VOPD 0
ocot . vopd  e
.VOHD ft*ft*ft 
STACK! .V*OrD 0
.END
SUBROUTINE MTRf A# IDl# I D2#B*ID3* 1D4*NI#N2> 
C * MATRIX TRANSPOSE ROUTINE.
C B=A TRANSPOSE.
DIMENSION AC IDl* 1 D2>* BC1D3* ID4)
DO 1 J*l*NI 
DO 1 X“ 1*M2 
I B<K*J)»A!J*K)
RETURN
END
SUBROUTINE MINVRC A* I DI # I DS* B* I D3* I D4.N, IP)
C MATRIX INVERSION ROUTXNE-USES PIVOTAL CONDENSATION.
C B I S  INVERSE OF A.
DIME! SION A! I Cl * I D2)# BC I D3* 1 D4)* IRCN)
C SET UP IDENTITY MATRIX.
1*0 
-DO 2 KM»N 
2 IRCK)*K
CALL IDEICB*ID3#ID4*N*N>
C SEARCH FOR PIVOT.
I RM»0.
DO 5 J-1*N
IF <IRtJ).EC .0> GOTO 5 
DO 5 K ■ I # M
IF  CABSCA<J*X))-ABS<RM)) 5*5*51 
SI RM®A!J*iO
IP »J  
IQ -K
5 CONTINUE
IF C AliCC RM> .L T . I . E-7 MIFITEC8* 6)
6 FOP.MATCX* 'DANGER OF SINGULAP.iTY* PIVQT<I. E -7•>
IRCIP)*0
C REDUCE PIVOT TO ttUTY.
DO 7 K*l#N 
At ir*K)®ACIP#K)/RM
7 nClP*K)“DCtP*K)/R!1 
AC IP* 10*1.
c eliminate remaining elements of pivot COLUMN*
DO 9 J®I*N 
IF  (J .E O . IP) GOTO 9 
D^ACJ*10)DO B K*l#M AC J*l<) ®A< J*K)-A< I P*K)*0
8 BCJ*K)*OCJ#X)-BCIP*X)*D 
AC J# I Q) *0*
9 CONTINUE
C LOOP IF  ALL COLUMNS NOT TREATED.
I-l®  I
IF  C I.L T .N ) GOTO 1
C DETERMINE REORDERING OF PIVOTS.
XP*=N- 1 
DO 10 K=l#N 
DO 10 «J* I *N
IF  <ABSCACJ*H)).LT.. S> GOTO 10- 
IR<K)=J
10 CONTINUE
C ARRANGE ROWS OF INVERSE ft RETURN.
DO 15 K® 1*N
IF  ( 1RCK)•£C»K) GOTO 15 
DO 15 J«1*M 
A!K*J>*BCIR!K)*J>
15 CONTINUE
DO 16 K*I*N
IF Cin<K).EO.K> GOTO 16 
DO 16 J “ 1*M 
BCK*J)*ACK*J>
16 CONTINUE 
RETURN 
END
SUBROUTINE SCKULTCA* ID l. ID3.R, C* I 03* 1D4*NI*N2> 
C MATRIX MlLTlPLICATION nY A SCALAR PQUT1NF..
C C«A*D.
DIMENSION AC IDl# I D2)#CCID3# IDA)
DO t J  * I < N1 
DO 1 K»l#N2 
1 CCJ#X)«A<J*K)*D
RETURN 
. BID
SUBROUTINE EOt'ALC A* I Dt * ! D2# B* I 03* I 04* N1* NO) 
C MATRIX EQUALISATION ROUTINE.
C D*A«
DIME/SI ON AC1DI* 1 D2)*BC1D3*ID4)
DO 1 J® I *N 1 
DO I K*l*N2 
1 D!J,K>«ACJ#K)
RETURN
END
SUI3R0UTIME 1 DEN ( A* I DI # ID2* N1 * N2>
C CONVERSION TO IDENTITY MATRIX ROUTINE.
C A* I .
DIMEN Slot: AC I DI * 1 D2)
DO 1 J » l .N l  
DO I K®l#N2 
IF  CJ.EG.K) ACJ*K) = 1.
1 IF  CJ.NE.K) ACJ*K)=0.
RETURN
END
SUBROUTINE NULLCA* IDl* 1D2*N1#N2>
C CONVERSION TO NULL MATRIX ROUTINE.
C A«0.
DIMENSION AC I DI # ID2)
DO I JM*Nl 
DO 1 K® 1 #N2 
I ACJ*K>®0.
RETURN
END
LISTING B.64
FU/CHON TC0C1)
C ADC HUMBER TO REACTOR TEMPERATURE <K>.
A® FLOAT! I )
B®A*A
T00=DEGKC-. 19076979 E -5*3®•46318293E-1®A**«12927246)
RETURN
END
FLNCTION COl!l#J>
C ADC NUMBERS TO OUTLET CONCEITS ATI ON CKM0L/M3) •
C I*CONDUCTIV!TY<OI),J*TEMPEKATUREC10>*
A»FLOAT( I >
B*FLOAT!J)
C*C.lS3089O2E-3*A-.82319371E -4 «B -.10453)
D*C 1.® »9 28 79 008 E -3* B)
C0 l = C/D
return
END
. FU1CTI0N F02CI)
C ADC HUMBER TO NAOH FLOVRATE CM3/SEC).
A®FLOAT! 1 >
B-A*A
C*A*B
D®B«B
F02=-* 333C2159E -17*D®•I4322345E-13*C-. 24405367E-JB*8 
1®.20201242E-7*A-.28810464E-5 
RETURN 
, END
F1NCTI0N F0 3CI)
C ADC NUMBER TO ETAC FLOWRATE CMO/SEC).
A* FLOAT!I)
B®A*A
CkA*B
D«B*B
F0 3*-.4 3166917E-I?*D®•187G1034E-I3*C-.297S4865E-I0*B
U  »?.3103S94E-7*A- • 37520658E -5
RETURN
END
SUBROUTINE MINVRTCA*101 * IDS*B*ID3*1D4*N)
C MATRIX INVERSION ROUTINE-LOWER TRIANGULAR MATRICES ONLY.
C B I S  INVERSE OF A.
DIMENSION A(IDl*tD2)*B(ID'J#lD4>
C INVERT.
DO ICO J* 1 *N
IF ! ABStA!J*J)) . L T .1•E-20) WRITEC8*10>
10 FORMAT!X* • SINGll-AR MATRIX?*)
DO ICC X*l#N
IF  CJ.EQ.K) B(J#K>®l./ACJ#K>
IF  CK.GT.J) BCJ*K)=0*
IF (K .G E .J) GOTO 100
L * J -l
B(J*K>*0.
DO 50 t«l* L  
50‘ B!J*K)SB!J#K>-A!J#I>*BCI*K)/ACJ#J)
100 CONTINUE
RETURN .
END
FINCTI ON F04CI)
C ACC NUMBER TO COOLANT FLOWnATE CM3/SEO•
A®FLOAT(I)
F04®.29360485E-6*A®.204748S4E-5
RETURN
END
FINCTI ON TO 5! I )
C ADC NUMBER TO COOLANT INLET TEMPERATURE <K>.
A®FLOAT!I)
B=A® A 
C®A*B
TO 5® DECK <.66279 426E-9* C“ »415C9047E-5*IW.50458908E-I*A 
I-.I0668945E1)
RETURN
END
A®FLOAT(I)
B=A*A
T06*DEDKC- .  20378 5G2E-S*B*, 4B720 121E -U A - .  130 61523)
RETURNDID
FtHCTIO.N T37CI)
ADC HUMBER TO INLET TEMPERATURE MAOH IK ).
A-FLOAT(X)
B“A* A
TO7*-.10579824E-5»Br
RETURN
BID
32293803E -I *A* *93022461E - l ♦273.I 5
SUBROUTINE MATAS! A* I DI# I D2* B# I D3# I D4* C* I D5# I D6*Nl*N2* t ADD) 
MATRIX ADDITION/SUBTRACTION ROUTINE.
C*A®OR-B.
DIME! SI ON A! I DI ♦ 1 D2)* D<ID3*ID4> # C<1D5*IC6>
DO I J -l* N l
DO I K ® 1 * N 2
IF <IADD.EC. 1) CtJ#K>*A!J#K)®QCJ*K)
IF !IA D D .E Q .-I) CCJ.K)*ACJ#K)-B<J#K>
RETUE1
BID
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FUNCTION TOBCI)
C ADC NUMBER TO INLET TEMPERATURE F.TAC CIO.
A-FLOATCI>
B«A*A ‘
T08-DEGKC-*10285294E-5*D*.32896042E-1*A-.12072754)RETURN
END
FUNCTION T09CX) #
C ADC NUMBER TO HOT VATED TEMPERATURE CK).
A-FLOATCI)
B*A*AT09*DHjK<-.22208 551 E-5*B*•49O076S4E-I*A*,40461914E-I)
RETURNDID
.MNCTIGN 1A0 5CT)C COOLANT INLET TEMPERA?URE <H) TO DAC NUMBER,
ti«derc<t>A»T1♦Tl B*A* TlJA05-1NTC-. I 31905G8E-3*B* • 42297363E- 1*A* . I*6O3027KP*T1 n.C364A625E2#.5)RETURNDID
FtWCTI ON 1A06CT)
C COOLANT OUTLET TEMPERATURE CK) TO DAC NUMBER.
Tl -DEGCC T>
A-TUT1
IA06-INTC.2 I593C94E-1*A*. 2039477SE2*T1*.39 55B78I E l* .5)RETURN
END
FUNCTION IA07CT)
C INLET TEMPERATURE NAOH CK) TO DAC NUMBER.
Tl-DEGCC T>
A«T!*T1
IA07-INTC•39629254E-1 *A*. 306B0664E2«T1*•57304687EI*•5)RETURN
END
FlWCTION IA08CT)
C INLET TEMPERATURE ETAC CO TO DAC NUMBER.
Tl-DEBCCT)
A«T1*T1
XA08-INTC.36314011 E- 1*A*.30148193E2*TI*.614O6250E1*.5)RETURN
END
FUNCTION IA09CT)
C HOT WATER TEMPERATURE <K> TO DAC NUMBER,
TI-DEGCCT)
A-T1*T1
IA09=IMTC.234923 13E-1*A*.20244629F2*T1*.511718 75*.5>
RETURN
END
FtNCTIOM IA10CT)
C CELL HOUSING TEMPERATURE CK) TO DAC NUMBER*
Tl -DEEClT)A“TI*T1IAl0aINT(*23836136E-I *A* •20904541E2*Tl*•36191406E1*.5)
RETURNDID
FUNCTION I Al I CT)C REACTOR OUTLET TEMPERATURE CK) TO DAC NUMBER.
TI-DEGCCt)A-TI*T1
B3A*T1IAll-IMTCI 3637543E-3*B*.4fl6l8896E-l*A+.21286133S2*Tt 1* »I 01S6250E2*.S)RETURNBID
FUNCTION IA02CF)C INLET FLOWRATE NAOH CM3/SEC) TO DAC NUMBER.
A»F*FE»A*FXA02-INTC• 363182 37 El9*B* *13303223El 4*A*•43 70 SO 70 E8*F*.194308 59 E3 1*.5)* RETURN END
FUNCTION IA0 3CF)
C INLET FLOWRATE ETAC CM3/SEC) TO DAC NUMBER.
A»F*F
IA03MNTC.4277111BE14*A*. 1059277 3E8* F* * 23362109 E3*♦5)
RETURNEND
FINCT1QN IA04CF)
C COOLANT FLOWRATE CM3/SEC) TO DAC NUMBER.
I AO4=IMTC•34033594E7*F-.60837891E1*« 5) 
RETURN 
* END
FINCH ON PRA2dSr>
C RETURNS PROPORTIONAL GAIN FOR NAOH FLOW LOOP.
SP-FLOATCISP)
PH02-. 49786322E-5*SP* SP-.94030648E -2* SP*•47377243E1RETURNBID
FINCTIOM PR63C1SP)
C RETURNS PRO FORT I ON AL GAIN FOR ETAC FLOW LOOP.
SP-FLOATCISP)
PR03=«S0S51171E-5*SP*5P-,116SCO71E-I* SP*•7701469 4E1
RETURNEND
FUNCTION RIO 1CI SP)
C RETURNS INTEGRAL SETTING FOR TEMPERATURE LOOP.
RI01*. COO5*FLOATCISP)
RETURN
END
SUBROUTINE PIC1LCRPC* RIC#ISP#IM# T#RINTEG#IA)
C P*I CONTROL ROUTINE.
. E-FLOATCISP-IM)
E-RPC*E
RINTEG3RINTEG* E>T-P,I C
IF  C ABSC P.INTEG) .GT• 2047 . ) P.INTEG* SI CMC 2047.* RINTEG) 
E« E* RINTEG* • 5
IF  CA3SCE) .GT.2C47. ) E»SXGNC2047.* E>
■ IA-INTCE)
RETURN
END
SUBROUTINE MODCTLCI1# 12)
C MODIFIES CONTROL ACTION TO INTERACTIVE CONTROLLER.
C I I  IS FLOW ACTION# 12 IS TE1FEP.ATURE ACTION.
IACT1“I2 -X 1 
IACT2-11*12 
Xl-IA C Tl 
T2-IACT2
IF C 1 ABSC I D .G T . 2347) 11 = I Si GNC2P47* 1 1)
IF CIABSC1 2).GT.2247) I23I SIGN<2047#12)
RETURNEND
SUBROUTINE UARFCCVAR)
C RETURNS UAR AS A FUNCTION OF FC ONLY.
COMMON /MEAS/FA# FI3* FC# TA# TR* T# TCI * TCO* CAI * CA 
COMMON /CONST/VR#VC*DH#A#E#PHO#CP*R#CRTFC*CRTFCT
UAR31•/1. 12351S61/FC** *43351558*CRTFC)
RETURN
END
A3FLOATCI>
B3A* ATl O-DFGKC - . 20 57 5244E- 5*0* « 4748S21 3£-1*A-. 10180664)
RETURN
END
A«FLOATC 1)B»A*A
T l 13DEGKC- .  19189902E- 5*B*•4553747$E*I*A-, 1767578 I >RETURN
END
SUBROUTINE UARFCTCUAR)
RETURNS UAR AS A FUNCTION OF FC* C TCI * TCO)/?. & T .
COMMON /MEAS/FA# FB# FC# TA* TS#T* TCI * TCO* CAI* CA 
COMMON /CON ST/VR# VC* DH* A# E* F.HO * CP# R* CPTFC* CRTFCT
UAR-1./C.3743306/1FC**•47439054*PMUCCTCI*TC0)/2.)**<-.2)> l*C .9751718/PMUCT)74609 35))♦CRTFCT)
RETURN
END
FU1CTI0N RMUCT)
RETURNS VISCOSITY OF FLUID STREAMS AT T DEGREES CK). 
INITS (KG/M SEC).
TEMP3 DEGCC T)RMU-1./<21.482*C<TEMP-8.435)*SOPTtBO 78.4*CTE1P-8.435)*RETURN
END
FUNCTION I AO OCT)
REACTOR TEMPERATURE CK) TO DAC NUMBER.
Tl-DEGCCT)
A-T1*T1IA0O=INT<♦G35P3072E-I*A*•21450684E2*TI*RETURNEND
► 42109375E1*•5)
FUNCTION DEGCCT>
CONVERTS T FROM DEG CK) TO DEG <C>.
DEGC-T-273. 1 5RETURN
END
FU1CTION IA0WC#T)
OUTLET CONCIIITRATION (KMOL/M3) TO DAC NUMBER. 
C*CONCENTRATION* T3TEMPEB4TURE <K) .
A-FLOATCIA1CCT))
D3C 1.* .9 267CCC-3F-3*A)* C 
A=<-.823198? 1 J> 4*A-. I 0453)
I AO 131MTC < D-A> / •I530S9B2E-3*.5>
RETURN
END
0?GK-T*273.15RETURN
END
384
C THIS POLTINE FRONT-END? THE FORTRAN INTERRUPT POtTtNr AI=lCP0Ca.0/R HI“IC,0F0.C.'P 
Cl-EO.R/R 0=65535.*
A*D-A1
n -o -Q l
C»D-C1
ie if  c a > 0 0 .e e .11
?e IF  CD) 3E.30.81
30 IF CC) 40.40.31
43 VRITEC 8 .4 !)
al FOr.HftTCX.MMTEP.RUPT PATE TOO SLOW. ADOPT’ )
STOP
I I  1*72
A-AI 
GOTO 50SI 1*74
A“8l 
GOTO 50
31 1*76 
A* Cl
50 O=A-32767.0
A1*SIGMC0.S.D)
J*INTCD*A1)CALL FTNINTCI.J)
RETURN
END
SU BRO U TIN E  FRONTCR)
sub ro utin e  f a s t c d
C ERROP. MESEAGE C0NCFFN1NG INTERRUPT RATE
IB FORMATCX.•PROGRAM CANNOT COPE V1TK INTERRUPT RATE. APOPT’ >
STOP 
END
EAE* I
• t i t l e  f t n ih t
. MCALL .PARAM
. globe in to f f
. PARAM 
ACM77302 
MO-177304 
SCR-17731*
CLXU-104 
CLO CHS* 172540 
COUNT* I72S42 
•GL3EL FTNINT I PROGRAM TO INTERRUPT FOR 
) VITH THE CLOCH.
FTNINT: MOV Ffl.-CSP)
MOV RI.-CSP)
TST CR5>*
MOV *077777. r.0 
■13V *C?5>*.CLOCKS 
MOV *CP.5)»»E1
ADO P.1.R0 J PREPARE COUNT
MOV RB.COIMT
MOV < SP) ♦. RI 
MOV CSP)*.R0
MOV ICLXIMT,CLKV ) LOAD VECTORS
MOV *200.CLKV*2
INC CLOCKS JSTART FUNNING
RTS PS
CLKINTt TST CLOCKS 
EPL OK
JSR R5.1NT0FF 
ER XO 
• UOP-D 0 
•GLOOL FAST 
JSR RS, FAST 
DR OX 
.'JOP.D 0
1 EARLY INTT
KOI
OKI MOV RS.-(SP) 
MOV R4.-CSP) 
MOV R3, -CSP) 
MOV na.-<sp> 
MOV RI.-CSP) 
MOV R0,-«SP)
. 1 PDF EAE 
MOV AC.-CSP) 
MOV !1C, -CSP) 
MOV SCR,-CSP) 
. EM DC .
•GLOEL FOTINT 
JSR RS.FOPINT 
DR SKIP 
•VORD 0
JSEPV1CE INT.
.IFDF FAS ) RESTORE REGS
MOV CSP)*,SCR 
MOV CSP)».MO 
MOV C SP)►,AC 
. EJ DC
MOV (SP)*.RO 
MOV C SP) *Jt.Rl
iiov csp>.,na
MOV C£P)»»P.3 
MOV CSP)».R4 
MOV C5P)*.R5
D1C *200, Ci-OCXS ) CL FAR DONE DIT
RTI
.END
.T IT LE  1.IT0FF 1 ONE DUMMY ARGUMENT FROM FORTRAN 
LKS* 172540 
R5*S5
. GLODL lNTOFF 
INTOFFl TST CRS). '
TST CR5)►
DIC *101,LKS .
RTS RS 
.END
APPENDIX C
TECHNICAL SPECIFICATIONS 
- OF
EQUIPMENT
APPENDIX C
C.l.Sensors.
C.1.1. Temperature-
Comark Electronics 300 mm, stainless steel sheath 
Copper-Constantan thermocouples to BS1828.
C .l.2. Conductivity.
Leeds and Northrup 4803-25 Teflon c e ll plus 240 v 
7070-06-0-026-5-03 monitor.
C .l. 3. Flowrate.
Reactants - Foxboro-Yoxall E13DM in tegra l o rific e  
d iffe re n tia l pressure ce lls  w ith 610A power supplies. O rifice  
diameter 0.059 inches.
Coolant - E lectronic Flow Meters B/5/8/8 turbine 
flowmeter plus DC6 Frequency to DC converter.
C.2. Control Hardware.
C.2.1. Control Valves.
Foxboro-Yoxall Y10G 0.5 inch, 3-15 p .s .i.  a ir- to - 
open. (Reactant valves f it te d  with Type C Valvactors).
C.2.2. Transducers.
■ 4*Camille-Bauer - 10 v o lt, 4-20 mA voltage-to-
current converters.
Foxboro-Yoxall 69TA-1, 4-20 mA, 3-15 p .s .i. 
cu rre n t-to -a ir pressure transducers. (Cold water valve 
transducer reverse ac tion ).
C.3. E lectronics.
Date! AM200B, wide band, u ltrastab le  instrument 
am p lifie rs .
Thyristor proportional reactant heater contro llers 
w ith therm istor sensors.
Belling-Lee L1829 8A, 250 v o lt mains f ilte r s .
C.4. Interface.
Analogic AN5800 ADC/DAC with 16 double-ended ADC 
channels and 7 single-ended DAC channels. Range - 10 vo lts , 
12 b its . Maximum conversion rates approximately 30 kHz fo r 
ADC and 50 kHz fo r DAC. BNC connectors and screened cable 
used fo r a ll plant connections.
C.5 Computational Hardware.
D ig ita l Equipment Company PDP 11/10 d ig ita l computer 
with 24k of 16 b it core storage (950 nsec cycle tim e).
E lectronic Associates Limited EAL-48 pa ra lle l
hybrid computer.
C.5.1. Peripherals.
Data Dynamics 390 teletype.
Lynwood DAD1 visual display un it driven 
at 2400 band.
Trend HSR500P, 500 c.p .s. paper tape reader.
Facit 4070, 75 c.p .s. paper tape reader.
C.6. Miscellaneous.
March AC-3C-MD magnetic coupling pumps with 
g la s s -fille d  polypropylene impellers.
Polythene tanks, approximately 45x45x45 cm, w ith 
level gauges. EtAc tank sealed w ith fume extraction system 
fo r leaks during preparation.
18 inch, lkW reactant heater elements 
3kW coolant heater.
Brook 'Gryphon' 1420 r.p .m ., 0.25 h.p. induction 
motor driving 2 x 3  inch marine propellors.
Foxboro-Yoxall 0-30 p .s .i.g . regulator,
Norgren 0-160 p .s .i.g . regulator,
Norgren a ir f i l te r s .
